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The  original  ^Statement  of  Work"  sent  to  Major  Harry  Winsor 
on  April  24,  1980  was  modified  on  the  basis  of  results  we  obtained 
through  our  participation  in  the  DARPA/AFML/GE  Advanced  Machining 
Research  Program,  DARPA  Order  No.  3770,  Contract  No.  F  33615-79-C-5119. 

A  revised  work  statement  and  the  reasons  for  the  revisions  were  presented 
to  Dr.  Robert  Green  in  a  letter  dated  July  19,  1982. 

The  research  carried  out  in  this  program  is  described  in  two 
dissertations  Included  in  Appendices  1  and  2. 
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;^he  shaping  of  hot  pressed  Si^N^  with  a  high  power 
CW  CO2  laser, 'was  investigated.  ^The  laser  was  used  to  heat 

I 

I  the  surface  of  a  workpiece  forming  a  groove  by  vaporiza- 
i  tion.  Shaping  was  accomplished  by  overlapping  the  grooves.^ 

I  For  both  singly  and  multiply  overlapped  grooves,  cross 

I  section  sizes  and  shapes,  and  material  removal  rates  were 

■  I 

I  I 

:  determined  for  a  wide  range  of  incident  powers  (315  to  j 

940  W)  and  sample  scan  speeds  (5  to  240  cm  s~^) .  Initial 

I 

'  examination  of  cross  section  shapes  revealed  some  grooves  ! 
to  be  curved.  This  behavior  was  subsequently  found  to  be  | 
directly  related  to  the  angle  between  the  E  vector  of  the 

I 

partially  polarized  incident  beam  and  the  velocity  vector  j 
of  the  sample  and  occurs  due  to  an  observed  difference  in  j 
reflectivity  for  the  beam's  TE  and  TM  components. 

Results  are  given  showing  that  groove  shapes  and 
material  removal  rates  are  independent  of  irradiation 
environment.  This  suggests  that  decomposition  is  respon¬ 
sible  for  the  removal  of  mater ial . \  The  consideration  of 

- - - - - At-rf 

the  thermodynamic  values  for  the  decomposition  reaction 

ytf 

and  an  estimate  of  conductive  losses  to  the  substrate 


during  groove  formation  suggest  that  at  least  0.28  of  the 
incident  power  should  be  absorbed.  This  value  is  higher 


than  would  be  expected  due  to  normal  infrared  absorption. 
Part  of  this  increase  can  be  attributed  to  the  presence  of 
a  Si  film,  and  part  to  the  temperature  dependence  of 
Reststrahl  absorption.  There  was  also  some  experimental 
evidence  that  plasma  coupling  effects  may  be  partly  res-  ; 

ponsible.  i 

- -5*  An  analysis  of  multiple  overlapping  grooves  indi¬ 


cated,  in  some  cases,  that  the  shape  of  the  overlapped 
groove  differs  significantly  from  that  of  the  single  pass 
groove^  Based  on  these  results  an  improved  method  of 
predicting  material  removal  rates  and  surface  roughness  is 
presented.  The  high  material  removal  rates  attained  in 
laser  machining  compared  to  those  experienced  in  dii^mond 
grinding  lead  to  a  favorable  economic  evaluation  of  the 
former,  ^o  further  evaluate  the  potential  of  this  shaping 
'proce^,  4-point  bend  specimens  were  tested  with  laser 
machined  surfaces.  \The  results  indicated  a  reduction  in 


strength  of  36%  accompanied  by  greatly  reduced  scatter. 

Both  reductions  may  be  attributed  to  the  presence  of  excess 
Si  left  by  the  decomposition  reaction. 
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I .  INTRODUCTION 


Among  the  large  group  of  directed  energy  sources 
commonly  used  in  material  processing  only  the  laser  is 
able  to  produce  very  high  power  density  without  extreme 
environmental  restriction.  The  ability  of  the  laser  to 
transfer  energy  to  a  material,  thereby  causing  an  increase 
in  its  temperature,  depends  more  critically  than  for  other 
directed  energy  sources  on  the  properties  of  the  material 
to  be  processed  (e.g.,  surface  structure,  reflectivity, 
and  bulk  absorption).^  Although  the  electron  beam  tech¬ 
nique  is  able  to  produce  a  similar  power  density  to  the 
laser  and  is  less  sensitive  to  material  properties,  it 
does  normally  require  that  the  workpiece  be  processed  in 
a  vacuum.  This  requirement  can  create  difficulty  when 
using  certain  materials,  particularly  those  that  outgas 
vigorously  during  heating.  Because  the  laser  possesses 
the  important  and  unique  advantage  of  being  able  to  pro¬ 
ject  its  easily  controllable  energy  over  a  large  distance 
without  being  attenuated  in  the  presence  of  air  or  other 
gasses,  it  has  found  a  wide  variety  of  applications  in  the 

field  of  materials  processing  formerly  done  by  other  di- 

2  3 

rected  energy  heat  sources.  *  In  addition,  because  of 
its  unique  properties,  the  laser  has  been  successful  in 


opening  up  completely  new  applications  in  the  field  of 
material  processing  such  as  the  machining  of  Si^N^,  which 
is  the  subject  of  this  research. 

Fundamentally,  the  laser  is  a  source  of  energy  that 
can  be  focused  to  a  very  small  spot  size  thus  giving  very 
high  power  density.  The  absorption  of  energy  from  the 
high  power  density  beam  creates  a  very  rapid  increase  in 
the  temperature  of  a  material  being  irradiated.  The  ex¬ 
tent  of  heating  in  the  material  is  generally  determined  by 
the  input  power  density,  interaction  time,  and  both  the 
optical  and  thermal  properties  of  the  sample.  Depending 
on  the  values  of  these  parameters,  the  tramsfer  of  energy 
from  the  laser  beam  to  the  sample  creates  three  regimes  of 
heating:  1) heating  without  a  phase  chemge  in  the  mate¬ 
rial,  2)  laser  induced  melting,  and  3)  laser  induced  va- 
porization.  Most  material  processing  applications 
involve  the  last  two. 

The  use  of  the  laser  in  the  melting  regime  has  been 

generally  limited  to  metal  systems.  Typical  applications 

8-10 

include  microstructural  refinement,  alloying,  cladding, 
cutting  with  a  gas  jet  assist, and  most  importantly 
welding. Because  laser  induced  vaporization  generally 
requires  energies  that  are  an  order  of  magnitude  higher 
than  melting,  applications  to  metal  systems  in  the  vapor¬ 
ization  regime  have  been  limited.  The  roost  successful 
applications  in  the  vaporization  regime  have  been  with 


non->netals  (e.g.,  polymers)  due  to  the  lower  energy  gen¬ 
erally  needed  for  vaporization,  their  smaller  thermal  con- 

2 

ductivity  and  higher  absorption. 

Many  applications  involving  the  use  of  the  laser  are 
successful  because  the  incident  power  levels  can  be  accu¬ 
rately  controlled  and  the  beam  focused  to  a  small  spot  size 
so  that  the  total  heat  input  can  be  minimized  in  obtaining 
the  desired  temperature  increase.  As  a  result,  thermal 
distortion  is  reduced  and  excessive  heating  of  adjacent 
material  is  minimized  giving  a  small  heat  affected  zone.^ 

Of  particular  interest  and  the  subject  of  this  re¬ 
search  is  the  use  of  lasers  to  process  difficult  to  mach¬ 
ine  materials.  In  this  regard,  the  laser  has  become  an 

established  machine  tool  for  very  hard  and  brittle  materi- 

12  7 

als  such  as  ceramics.  ''  Generally,  the  interaction 

occurs  in  the  vaporization  regime  and  until  now  has  been 

limited  with  respect  to  types  of  materials  and  machining 

operations.  Diamonds,  alvmiina,  silicon,  and  glass  have 

been  the  most  widely  used  hard,  brittle  materials  machined 

by  lasers,  while  operations  have  been  limited  to  drilling, 

scribing,  and  cutting  operations. 

The  use  of  lasers  to  drill  holes  in  hard  materials 

2 

has  reached  commercial  status.  For  exeunple,  there  has 
been  a  need  to  produce  holes  that  range  from  0.03  to 
1.3  mm  in  diameter  in  diamonds  which  are  then  used  as  dies 
for  the  extrusion  of  wire.  This  is  an  application  where 


laser  processing  offers  significant  advantage  over  com> 
peting  techniques  because  conventional  means  are  very 
tedious  and  costly.  Conventional  drilling  usually  requires 
diamond-tipped ,  hardened  steel  drill  bits,  which  are  used 
with  a  diamond  slurry  in  an  abrasive  operation.  For  holes 
less  than  0.25  mm  in  diameter  or  where  the  depth  is  greater 
than  the  diameter,  drilling  of  this  type  often  results  in 
breakage  of  the  drill  and  high  tool  wear  rates.  The  pro¬ 
cess  is  slow  and  can  take  up  to  7  hours  to  drill  up  to  a 
depth  of  12.7  mm.^^  In  contrast  laser  drilling  can  be 
used  to  machine  such  small  holes  easily  with  one  or  a  few 

4 

pulses  from  the  laser  without  danger  of  fracturing. 

The  hole  drilling  technique  using  a  laser  has  also 

been  extended  to  other  materials,  specifically  alumina. 

Alumina  is  widely  used  in  the  electronic  industry  and  is 

also  a  very  difficult  material  to  drill  while  in  the  fully 
18  19 

fired  state.  '  Lasers  have  been  used  to  produce  holes 
for  attachments  of  leads  to  an  integrated  circuit  sub¬ 
strate. 

Another  need  of  the  electronic  industry  that  has 
taken  advantage  of  laser  machining  is  the  production  of 
alumina  substrates  and  the  separation  of  silicon  wafers 
into  complex  shapes.  These  items  are  often  used  in 

integrated  circuits.  Conventional  methods  are  expensive 
and  slow  and  usually  involve  diamond  sawing  or  scribing 
of  the  substrate.  Three  approaches  have  been  taken  in 


separating  substrates  into  complex  shapes  using  the  laser 
depending  on  the  geometry  of  the  cuts.  If  only  straight 
line  cuts  are  required  either  hole  drilling  or  scribing 
can  be  used.  The  thin  plates  can  be  either  pierced  with  a 
line  of  holes  spaced  at  small  intervals  or  scribed  with  a 
continuous  groove  into  the  surface  but  not  all  the  way 
through  the  workpiece.  The  workpiece  can  then  be  separated 
along  the  line  created  by  the  laser.  Because  one  does  not 
cut  all  the  way  through  the  material,  hole  drilling  and 
scribing  can  be  carried  out  at  higher  speeds  with  less 
damage  due  to  heating  and  thermal  stresses  than  through 
cutting  of  the  material.  It  has  also  been  shown  that  the 
cuts  obtained  when  hole  drilling  and  scribing  are  employed 
are  of  a  higher  quality  than  those  obtained  by  dieunond 
scratching  followed  by  breaking.^  When  non-straight  lines 
are  required  through  cutting  by  the  laser  is  used.  Through 
cutting  although  slower  than  drilling  or  scribing  is  an 
alternative  when  very  complex  shapes  are  needed. 

The  use  of  the  laser  to  process  hard  and  brittle 
ceramic  materials  has  the  advantage  of  increased  material 
removal  rates,  no  tool  wear,  and  no  force  so  fixturing  is 
not  required.  Because  the  laser  forms  narrow  cuts,  there 
is  low  material  loss  and  owing  to  the  very  small  heat 
affected  zones  often  material  can  be  produced  which  re¬ 
quires  no  further  finishing  of  the  edge  after  completion 
of  the  operation.  For  some  ceramics,  the  laser  has  been 


used  to  machine  the  material  in  its  hard,  brittle  fired 
state.  Previously  because  of  their  brittleness,  ceramics 
produced  from  powders  were  often  machined  in  their  "green” 
state,  i.e.,  before  firing,  but  this  leads  to  reduced 
dimensional  tolerances.  This  problem  can  be  overcome  by 
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using  laser  processing. 

Although  the  laser  has  proven  to  be  very  successful 
for  these  hard  and  brittle  materials,  as  a  tool  to  produce 
holes  and  in  scribing  and  in  cutting  thin  sections,  its 
uses  as  a  method  to  remove  large  amounts  of  materials  re¬ 
sulting  in  shaping  has  not  been  exploited.  Laser  shaping 
of  this  type  could  be  based  on  the  overlapping  of  grooves 
created  by  the  laser  beam  as  it  scans  the  surface  of  the 
Seunple  thereby  removing  a  layer  of  material. 

Previously  demonstrated  by  the  investigator  was  the 
feasibility  of  carrying  out  several  shaping  operations 
based  on  the  overlapping  of  grooves,  including  turning, 

threading,  and  milling  with  various  silicon  compound 
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ceramics.  '  The  silicon  compound  ceramics,  Si^N^, 
SiAlON,  and  SiC,  were  investigated  because  they  are  can¬ 
didate  materials  for  high  temperature  applications.  They 

have  excellent  oxidation  resistance,  thermal  shock  resis- 
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tance  and  high  temperature  strength,  but  because  of 

their  high  hardness  (2200  Knoop) ,  these  materials  can  be 

shaped  only  at  low  rates  by  diamond  grinding  or  ultra- 
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sonic  machining.  '  This  high  hardness  along  with  their 


inherent  brittleness  have  been  major  roadblocks  to  their 
use  at  high  temperatures  but  make  them  ideal  potential 
candidates  for  laser  shaping. 

Although  the  previous  work  did  demonstrate  the 
feasibility  of  shaping  by  overlapping  grooves,  it  did  not 
fully  investigate  machining  by  this  method.  The  purpose 
of  the  present  investigation,  based  upon  these  feasibility 
studies,  is  to  elucidate  additional  aspects  of  the  laser 
machining  operation  and  also  to  determine  the  origin  of 
several  previously  documented  but  unexplained  observations; 
observations  which  are  detailed  in  the  following  sections. 


This  research  is  an  extension  of  previous  investi^ 
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gations  '  and  can  be  divided  into  three  parts.  The 
first  and  second  parts  deal  with  the  formation  of  single 
grooves,  while  the  third  part  deals  with  the  overlapping 
of  grooves  leading  to  shaping.  This  study  unlike  the 
previous  work  was  restricted  to  one  silicon  compound  cer¬ 
amic,  hot  pressed  silicon  nitride  (Si^N^) .  More  detailed 
information  about  the  materials  selected  can  be  found  in 
Sec.  II. C.  Also  contained  in  Chap.  II  are  details  relating 
to  the  experimental  set-up  and  the  characteristics  of  the 
laser  used  in  this  research. 

To  fully  understand  shaping  by  overlapping  grooves 
one  requires  knowledge  and  data  on  the  formation  of  single 
grooves.  In  addition  to  shaping,  the  formation  of  single 
grooves  is  of  interest  with  regard  to  the  simple  cut  off 
of  material,  which  would  be  a  useful  operation  during 
laser  machining.  Cut  off  involves  a  deep  single  pass 
groove  produced  by  the  laser's  interaction  with  the  mate¬ 
rial.  Initial  experiments  involving  single  pass  grooves 
gave  an  unexpected  result  in  that  grooves  were  often 
curved.  Therefore  the  first  part  of  the  present  investi¬ 
gation  was  undertaken  to  study  the  origin  of  this  effect. 
Chapter  III  contains  the  results  and  a  discussion  of  this 


research.  This  investigation  indicated  a  dependence  of 
the  shape  of  the  laser  machined  grooves  in  Si^N^  on  the 
angle  4  between  the  velocity  vector  of  the  sample  and  the 
electric  vector  of  the  partially  polarized  incident  laser 
beaun.  When  4^0°,  the  groove  is  symmetrical  with  a  cross- 
section  that  is  the  narrowest  and  deepest  observed  at  any 
angle.  When  4  equals  90°,  the  groove  is  again  symmetrical 
but  with  a  wide  shallow  cross-section.  For  0°<t<90°,  the 
groove  cross  section  was  curved. 

Once  the  origin  of  curving  in  single  pass  grooves 
was  determined,  the  second  part  of  the  investigation  was 
carried  out.  This  research  is  described  in  Chap.  IV, 
which  presents  additional  data  on  the  formation  of  single 
pass  grooves  in  silicon  nitride.  Groove  cross  sections 
and  material  removal  rates  were  determined  for  a  wide 
range  of  incident  beam  powers  and  sample  scan  speeds.  The 
material  removal  rate  Z  (cm^sec”^)  is  the  product  of  the 
area  of  the  groove  cross  section  and  the  speed  at  which 
the  sample  was  translated.  Groove  formation  was  studied 
in  several  different  atmospheres  and  under  different  fo¬ 
cusing  conditions.  This  was  done  to  develop  a  better 
understanding  of  the  energy  balance  involved  in  the  reac¬ 
tion  causing  the  material  removal  and  the  mechanism  of 
absorption  of  the  beam  power. 

The  final  part  of  this  research  is  described  in 
Chap.  V  and  deals  with  the  overlapping  of  grooves.  Based 


on  preliminary  data  on  groove  cross  sections,  a  model  was 
previously  developed  that  predicts  the  surface  roughness 
R  and  the  material  removal  rate  Z  for  surfaces  produced  by 
overlapping  laser  vaporized  grooves.  According  to  this 
model,  which  considers  both  speed  and  groove  spacing,  Z 
and  R  decrease  as  the  groove  spacing  decreases.  Subse¬ 
quently,  it  was  found  that  although  the  predicted  behavior 
occurs  over  a  wide  range  of  groove  spacings,  at  very  small 
groove  spacings  the  opposite  behavior  occurs.  The  final 
part  of  this  research  deals  with  the  origin  of  this  unex¬ 
pected  effect. 

The  previous  analysis  assumed  that  the  shape  of  a 
single  pass  groove  cut  by  the  laser  would  be  repeated 
during  multiple  overlapping,  even  though  the  laser  is  re¬ 
moving  material  at  the  edge  of  a  previously  machined  groove 
rather  than  from  a  flat  surface.  In  the  results  presented 
in  Chap.  V,  it  is  shown  that  in  some  situations  the  shape 
of  the  overlapping  groove  differs  significantly  from  that 
of  the  single  pass  groove.  Based  on  these  results,  more 
accurate  methods  of  predicting  Z  and  R  are  presented. 

In  the  previous  work  the  effects  of  laser  machining 

on  mechanical  properties  was  not  determined.  Because 
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Si^N^  lacks  fracture  toughness,  of  3.25  to 

4.8  MN  it  is  highly  dependent  on  the  presence  of 

flaws  or  stress  raisers.  It  was  expected  that  laser 
machining  would  decrease  strength  because  by  its  very 


nature  laser  machining  produces  well  defined  overlapped 
grooves  that  can  act  as  stress  raisers.  Also,  micro¬ 
cracks  may  be  produced  as  a  result  of  laser  induced  thermal 
stresses.  To  investigate  these  effects,  4-point  bend 
specimens  were  tested  with  laser  machined  surfaces.  The 
results  given  in  Sec.  V.B.4  indicate  an  over  all  reduction 
in  the  modulus  of  rupture  but  also  greatly  reduced  scatter. 

The  selection  of  laser  machining  to  shape  Si^N^ 
would  also  involve  economic  considerations.  These  con¬ 
siderations  are  discussed  in  Sec.  V.C.3,  and  it  is  con¬ 
cluded  that  laser  machining  is  a  technologically  feasible 
method  for  the  shaping  of  Si^N^. 

The  final  section.  Chap.  VI  contains  a  summary  and 
conclusions  of  this  research. 
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II.  EXPERIMENTAL  DESIGN 

A.  Introduction 

This  chapter  contains  information  about  the  exper¬ 
imental  set-up,  laser  characteristics,  sample  choices,  and 
sample  preparation.  In  this  chapter,  there  are  two  aspects 
of  prime  importance.  The  first  is  the  experimental  infor¬ 
mation.  It  is  this  information  which  allows  one  to  draw 
conclusions,  apply  the  author's  theories,  and  reproduce 
part  or  all  of  the  experiment.  The  second  is  information 
not  directly  related  to  the  experiment  but  which  provides 
insight  into  why  the  experiment  was  designed  in  the 
manner  specified. 


B.  Experjjnental  Set-up 

The  major  part  of  this  research  involves  translating 
a  sample  at  constant  velocity  in  a  controlled  environment 
under  a  focused  laser  beam  causing  material  to  be  removed 
from  the  workpiece. 

The  apparatus  used  in  this  experiment  is  schemati¬ 
cally  illustrated  in  Fig.  II. 1.  The  system  can  be  sepa¬ 
rated  into  four  sub-systems  consisting  of  the  laser,  beam 
handling  system,  focusing  system,  and  sample  translation 
system.  These  sub-systems  are  discussed  in  detail  in  the 
following  sections.  In  addition  to  the  laser  machining 
apparatus  other  experimental  apparati  were  used  during 
the  course  of  this  research,  such  as  the  atmosphere  chamber 
and  the  4-point  flexure  testing  fixture.  Because  these 
apparati  have  particular  relevance  to  only  specific  parts 
of  the  research  they  are  not  discussed  here  but  rather  in 
the  relevant  sections. 


B.l  Laser 

The  results  in  this  paper  were  obtained  employing 
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a  Photon  Sources  Model  1003  continuous  wave  CO2  laser, 
with  a  maximum  output  of  1250  W  at  a  wavelength  of  10.6  ym. 
The  performance  characteristics  of  this  laser  are  given  in 
Table  II. 1.  This  laser  is  a  good  choice  for  material 


Photon  Sources  Model  1003  Laser 


Wavelength: 

Output  Power  Remge: 
Output  Power  Stability: 
Mode  St2d>ility: 

Active  Discharge  Length: 
Beam  Diameter: 

Beam  Divergence: 

Minimum  Pulse  Duration: 
Maximum  Repetition  Rate: 


10 . 6  micrometers 
125  to  1250  watts 
2  percent,  8  hours 
95  percent  minimiun  TEM 
18  meters 

1.8  centimeters  (e  ) 
2.2  milliradians 
100  microseconds 
1  kHz 


Table  II. 1.  Laser  performance  characteristics 
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processing  applications  because  of  the  high  operational 

efficiency  (5-10%)  and  the  high  average  output  powers 
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obtainable  with  CO2  lasers.  Other  favorable  character¬ 
istics  of  this  particular  model  include  long  term  power 
and  mode  stability  as  shown  in  Table  II. 1.  This  stability 
was  required  because  preliminary  results  indicated  an 
apparent  sensitivity  to  some  laser  parameters.  Some  of 
the  important  factors  influencing  the  output  beam's  sta¬ 
bility  and  how  the  Model  1003  deals  with  these  factors 
will  be  discussed  below. 

The  Photon  Sources  Model  1003  is  in  the  family  of 
conventional  CO2  lasers  used  in  material  processing  which 
operates  by  producing  a  longitudinal  DC  electric  discharge 
in  a  slowly  flowing,  low  pressure  mixture  of  carbon  diox¬ 
ide,  nitrogen,  and  helium.  This  technique  produces  50  to 
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80  W  per  meter  of  discharge  length.  Therefore  lasers 
with  a  high  output  power  require  very  long  cavity  designs. 
The  Model  1003  laser  attains  high  power  while  retaining 
reasonable  outer  dimensions  by  folding  the  cavity  back 
upon  itself  creating  a  double  ”z”  arrangement.  The  two 
"Z"  shaped  resonators,  each  having  six  plasma  tubes,  are 
optically  coupled  through  an  isolated  crossover  tube  as 
shown  in  Fig.  II. 1.  This  arrangement  gives  an  active 
discharge  length  of  18  m  and  leads  to  a  maximum  power  of 
1250  W  but  requires  the  use  of  eight  mirrors  within  the 


The  multiple  mirrors  constitute  a  liability  because, 
as  is  well  kno%m,  a  very  small  amount  of  tilt  due  to  mis¬ 
alignment  of  optical  elements  in  a  laser  resonator  can 
cause  a  significant  perturbation  to  the  beam  and  can  lead 
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to  an  asymmetric  output  beam  and  loss  in  output  power. 
These  problems  if  not  caused  by  erroneous  alignment  of 
the  optical  cavity  when  setting  up  the  laser  are  often 
caused  by  a  lack  of  dimensional  stability.  To  partially 
overcome  this  problem  the  Model  1003  uses  a  large  granite 
slab  that  provides  a  stable  platform  for  the  optical 
resonator. 

To  help  maintain  stability  all  mirror  mounts  are  of 
the  ball-and-socket  configuration,  providing  maximum  bear¬ 
ing  surface  and  a  solid  mirror  assembly.  Although  stable 
once  adjusted  the  mount  design  does  not  lend  itself  to 
easy  adjustment  of  the  mirrors  which  is  required  to  tune 
the  laser  resonator  to  different  output  modes.  Ideally, 
the  laser  resonator  output  should  be  the  TEMoo  Gaussian 
fundamental  mode.  The  TEMog  energy  profile  has  several 
advantages  over  higher  order  or  multimode  outputs  includ¬ 
ing  having  the  smallest  focus,  and  a  symmetrical  intensity 
profile.^ 

Attempts  were  made  to  tune  the  resonator,  the  mirror 
geometry  of  which  consists  of  a  spherical/flat  configura¬ 
tion,  to  the  TEMoo  mode.  This  was  done  by  directing  the 
output  beam,  chopped  to  reduce  total  average  power  onto 


an  infrared  sensitive  thermal  image  screen.  The  area 
impinged  upon  by  the  laser  becomes  darker  in  proportion 
to  the  distribution  of  the  energy  density.  By  observing 
the  image  on  the  screen  and  adjusting  the  output  mirror, 
the  output  beam  can  be  changed  to  the  desired  mode.  During 
this  tuning,  the  laser  always  exhibited  multi~mode  beha¬ 
vior  and  generally  had  its  highest  power  output  when  the 
output  beam  was  asymmetric.  Considerable  effort  was  made 
to  adjust  the  beam  to  a  symmetric  profile  but  this  was 
never  quite  achieved  as  will  be  shown  in  Sec.  II. D. 

Periodic  checks  were  made  during  the  experiments 
using  thermal  sensitive  paper  and  they  showed  that  the 
output  mode  was  very  stable  and  did  not  change.  The  mode 
stedsility  can  be  attributed  to  the  already  mentioned 
granite  slab  and  solid  mirror  mounts  and  also  to  the 
resonator  cooling  system.  Any  heat  generated  by  the  dis¬ 
charge  can  cause  misalignment  of  the  optical  cavity  due 
to  thermal  warping.  The  Model  1003  uses  a  cooling  system 
consisting  of  circulating,  high  dielectric  strength  oil 
in  a  closed  loop  through  an  internal  Freon  controlled 
heat  exchanger.  The  cooling  system  maintains  the  plasma 
tubes,  cathodes,  and  mirror  mount  assemblies  at  room 
temperature.  To  further  isolate  the  laser  from  the  lab 
environment,  the  entire  laser  is  enclosed  within  a  steel 
enclosure. 

The  laser's  output  power  was  designed  to  be 


controlled  by  varying  the  discharge  current  giving  an 
output  power  range  of  125  to  1250  W  with  a  stability  of 
±2%  over  many  hours  as  specified  in  Table  II. 1.  Practical 
experience  indicated  that  output  powers  below  300  W  were 
not  stable.  This  was  because  the  Model  1003 's  gas  mixing 
system  which  can  individually  set  the  flow  rate  of  carbon 
dioxide,  helium,  and  nitrogen  was  adjusted  so  that  the 
laser  would  produce  maximum  output  power.  This  gas  mixture 
is  rich  in  nitrogen  which  tends  to  adversely  effect  the 
discharge  at  lower  powers.  Because  this  experiment  util¬ 
ized  the  upper  power  output  range  the  low  power  instabil¬ 
ity  did  not  prove  to  be  a  problem. 

Although  the  Model  1003  can  be  externally  electron¬ 
ically  gated  up  to  1  kHz  at  variable  duty  cycles,  this 
experiment  always  used  the  continuous  wave  mode.  The  laser 
was  also  equipped  with  an  external  beam  shutter  that 
blocked  the  beam  path,  diverting  the  beam  by  means  of  an 
electrically  operated  mirror  into  an  energy  sink.  The 
shutter  allows  the  laser  to  be  energized  and  stabilized 
at  the  desired  power  output  before  the  beam  is  delivered 
to  the  sample.  To  verify  the  desired  power  levels  the 
laser  was  equipped  with  an  internal  meter  that  could  mon¬ 
itor  the  power  output.  This  monitoring  was  accomplished 
by  placing  a  power  meter  behind  the  rear  laser  window. 

The  window  was  designed  to  transmit  0.4%  of  the  energy 
inside  the  laser  cavity.  This  power  meter  system 


monitored  the  power  output  continually  during  sample 
irradiation.  More  detailed  information  about  the  charac¬ 
teristics  and  mode  of  the  laser  is  found  in  Sec.  II. D. 

B.2  Beam  Handling 

The  beam  handling  system  is  also  illustrated  in 
Fig.  II. 1.  It  consists  of  two  turning  mirrors  (Ml, M2) 
and  the  He-Ne  alignment  system.  Upon  opening  the  shutter 
the  output  beam  leaves  the  laser  enclosure  and  proceeds 
0.5  m  to  Ml.  Mirror  Ml  causes  the  beam  to  be  directed 
7.3  m  in  the  horizontal  plane  and  at  a  right  angle  to  the 
output  of  the  laser  to  the  second  turning  mirror  M2. 

Mirror  M2  directs  the  beam  down  into  the  focusing  system. 
This  arrangement  gives  a  laser  to  sample  distance  of  8.2m. 

For  this  experiment  Ml  was  a  water  cooled  copper 
mirror  while  M2  was  an  air  cooled  molybdenum  mirror. 

Both  mirrors  were  mounted  into  2-axis  mirror  mounts  that 
allow  for  the  precision  angular  adjustments  required  to 
align  the  beam.  Although  Ml  was  water  cooled  this  was 
not  necessary  and  was  not  used  for  this  experiment  due  to 
the  relatively  short  beam  on  times  and  long  intervals  be¬ 
tween  irradiations.  Though  the  copper  mirrors  have 
slightly  higher  initial  reflectance  than  molybdenum  mirrors 
they  have  limited  usefulness  in  that  they  are  not  very 
resistant  to  tarnishing. Tarnishing  will  effect  the 
level  of  power  that  can  be  delivered  by  the  beam  handling 
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system.  During  this  experiment  the  mirrors  were  frequently 
inspected  and  did  not  show  any  deterioration  of  this  type. 
Practical  experience  indicates  that  molybdenum  mirrors 
are  a  better  choice  for  use  in  laser  material  processing 
application  where  particulates,  oil  mists  or  other  con¬ 
taminants  may  be  present  in  the  environment. 

In  an  effort  to  help  retard  the  deterioration  of  the 
mirrors  but  more  importantly  as  a  safety  measure  the  entire 
beam  path  was  enclosed  with  steel  tubes  and  Plexiglass 
chambers.  These  enclosures  did  not  provide  an  air  tight 
seal  but  did  afford  complete  safety  protection.  Lasers 
of  this  power  can  easily  cause  severe  burns  to  both  eyes 
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and  skin  upon  exposure  to  the  output  beam.  Precautions 
were  always  taken  particularly  for  eye  protection. 

Because  the  beam  from  a  CO2  laser  has  a  wavelength 
of  10.6  vni,  it  is  invisible  to  the  naked  eye.  Therefore, 
to  aid  in  alignment  of  the  optical  system  a  small  He-Ne 
laser  was  employed.  The  He-Ne  beaun  could  be  remotely 
accuated  and  placed  co-axially  with  the  CO2  beam  before 
the  first  turning  mirror.  This  allows  adjustment  of  all 
external  optical  elements  in  the  beam  handling  system 
without  the  danger  or  problems  associated  with  using  the 
high  power  CO2  beam  in  the  alignment  process. 


B.3  Focusing  System 

The  purpose  of  the  focusing  system  was  to  accurately 


position  the  focusing  lens  along  the  beam  axis.  The 
system  used  in  this  experiment  was  the  commercially  avail¬ 
able  Photon  Sources  Model  450  Viewing  Delivery  System. 

The  lens  and  lens  holder  assembly  is  attached  to  a 
heavy-duty  precision  slide  mechanism  which  is  anchored 
directly  to  the  beam  bender  mirror  (M2)  assembly.  The 
slide  mechanism  allows  the  lens  to  be  moved  up  or  down, 
a  motion  that  allows  the  focus  to  be  coincident  with  the 
top  of  the  Scunple  or  at  any  known  distance  above  or  below 
the  sample.  The  Model  450  is  equipped  with  a  dial  indica¬ 
tor  which  displays  the  position  of  the  focusing  lens  with 
an  accuracy  of  25.4  pm  over  the  full  7.6  cm  travel  of  the 
mechanism. 

The  Model  450  focusing  system  permits  the  viewing 
of  the  sample  at  high  magnification.  The  system  has  the 
internal  adjustment  needed  to  make  the  focus  of  the  micro¬ 
scope  viewing  system  and  the  focus  of  the  laser  beam  co¬ 
incident.  The  viewing  system  has  a  relatively  high  mag¬ 
nification  and  therefore  a  very  narrow  depth  of  focus. 

This  narrow  depth  of  focus  allows  for  accurate  positioning 
of  the  lens  system  to  the  top  of  the  samples.  This  is 
accomplished  by  moving  the  total  lens  system  until  the 
sample  is  in  focus  using  the  viewing  system.  From  this 
position  the  dial  Indicator  can  then  be  used  for  those 
irradiations  that  require  the  beam's  focus  to  be  above  or 
below  the  top  of  the  sample. 
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The  Model  450  is  designed  for  sequential  viewing 
only.  It  cannot  be  used  for  viewing  while  the  irradiation 
is  taking  place.  Although  the  Model  450  is  very  good  for 
relocating  focus  when  many  samples  are  used  one  drawback 
is  that  it  is  only  accurate  for  the  person  that  originally 
aligns  the  optical  focus  for  the  microscope  due  to  the 
variations  in  vision  for  different  operators. 

The  Model  450  also  employs  a  gas  delivery  system 
which  allows  a  stream  of  gas  to  be  delivered  coaxially 
with  the  focused  laser  beam.  The  area  below  the  lens  forms 
a  chamber  to  which  gas  can  be  introduced  and  only  escape 
through  the  gas  jet  nozzle  mounted  below  the  inlet  chamber. 
This  gas  nozzle  can  be  independently  moved  toward  or  away 
from  the  lens  along  the  axis  of  the  focused  beam.  Typi¬ 
cally,  this  gas  jet  is  used  directly  in  the  laser  material 
interactions  process  but  for  this  research  it  was  only 
used  to  shield  the  focusing  lens  from  products  produced 
by  the  vaporization  reaction.  To  reduce  the  possible 
effect  of  the  jet  of  gas  on  groove  formation,  a  large 
nozzle  diameter  was  employed.  The  nozzle  was  raised  re¬ 
lative  to  the  sample  surface  and  the  inlet  gas  pressure  to 
the  chamber  was  kept  as  low  as  possible.  To  assure  pre¬ 
cise  centering  of  the  focused  beam  through  the  nozzle, 
the  inlet  chamber  and  viewing  system  to  which  the  nozzle 
assembly  is  attached  can  also  be  moved  by  means  of  a  pre¬ 
cision  dovetail  mechanism  in  two  axes  about  the  focusing 


In  addition  to  the  Model  450  lens  system  another 


lens  system,  designated  B,  is  also  depicted  in  Fig.  II. 1. 

It  was  used  in  Chap.  III.  Lens  system  B  involves  the  use 
of  two  optical  elements  in  their  own  alignment  system  and 
replaced  the  Model  450  Viewing  Delivery  System.  The  lens 
system  description  and  function  is  discussed  in  more  detail 
in  Sec.  III.B.3. 

Except  where  noted  a  standard  plano-convex  lens  was 

used  for  all  laser  machining  in  this  research.  The  lens 

was  3.8  cm  in  diameter  with  a  12.7  cm  fecal  length  and 

was  mounted  in  a  Photon  Sources  compatible  lens  mount. 

The  optical  components  of  all  focusing  systems  used  in  this 

experiment  were  zinc  selenide  and  had  an  anti-reflective 

dielectric  coating.  Zinc  selenide  was  a  good  choice  for 

this  experimental  set-up  because  it  transmits  light  down 

to  0.5  ym  in  the  visible  region  and  therefore  permits  the 
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use  of  the  He-Ne  alignment  system.  The  lens  proved 
durable  throughout  the  experiment  and  showed  none  of  the 
signs  of  deterioration  which  are  commonly  seen  in  high 
power  laser  optics. 

B.4  Translation  Stage 

This  research  required  the  following  characteristics 
of  the  specimen  translation  stage: 

1)  Variability  of  speed  over  a  wide  range 


2)  Controlled  environment 

3)  The  ability  to  overlap  single  pass  grooves  with 
the  amount  of  overlap  (feed)  being  variable 

4}  Variability  of  sample  translation  vector 
These  requirements  were  met  by  the  arrangement  shown  in 
Fig.  II. 2  where  the  "turntable"  stage  is  schematically 
illustrated. 

The  turntable  was  coupled  through  a  variable  ratio 
system  to  a  reversible  variable  speed  DC  motor.  This 
system  permitted  a  sample  placed  on  the  outer  edge  of  the 
turntable  to  be  translated  under  the  focusing  system,  over 
a  wide  range  of  speeds  typically  unobtainable  with  a  stan¬ 
dard  linear  stage.  For  single  pass  irradiations  the  upper 
range  of  the  speed  was  limited  only  by  the  ability  to  open 
and  close  the  shutter  within  a  single  revolution  so  as  to 
irradiate  the  seunple  only  once.  For  this  experiment  a 
rotational  speed  of  13.9  rad  sec”^  corresponding  to  a 
seunple  scan  speed  of  125  cm  sec”^  at  the  9  cm  radius 
seunple  position  was  found  to  be  the  upper  limit.  The  low¬ 
est  speed  was  limited  by  the  DC  motor  which  did  not  run 
smoothly  below  a  sample  scan  speed  of  5  cm  sec  ^  with  the 
gear  ratio  used.  Although  the  turntable  motor  controller 
had  a  readout  of  motor  RPM  all  low  velocities  were  inde¬ 
pendently  measured  with  a  stop  watch  and  higher  velocities 
were  calibrated  using  a  strobe  tachometer. 

To  control  the  irradiation  environment  the  sample 
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Adjusting  Micrometer 


Fig.  II. 2.  Schematic  representation  of  specimen  chamber 
and  rotating  translation  stage. 


was  placed  in  a  window  region  slightly  below  the  smooth 
upper  surface  of  the  turntable  as  shown  in  Fig.  II. 2. 

The  interior  of  the  turntable  was  hollow;  the  hollow 
chamber  being  connected  to  a  gas  inlet  through  a  rotating 
gas  coupling.  As  the  sample  was  rotated,  gas  was  intro¬ 
duced  into  the  chamber  and  could  only  escape  through  the 
window  area  thereby  surrounding  the  sample  by  a  low  velo¬ 
city  gas  flow.  This  method  allows  control  of  the  gas 
environment  without  subjecting  the  specimen's  surface 
to  any  direct  high  speed  gas  flow.  As  previously  mentioned 
the  nozzle  that  shields  the  focusing  lens  was  modified 
for  the  same  reasons.  For  all  irradiations  the  nozzle 
always  contained  the  same  type  of  gas  as  the  rotating 
stage.  Most  sample  irradiations  were  done  in  an  02-rich 
flowing  gas  environment  with  N2  and  He  being  selectively 
used. 


In  Chap.  V  there  was  a  need  to  continuously  overlap 
the  laser  machined  grooves  to  various  degrees.  This  was 
done  by  mounting  the  "turntable”  stage  on  a  micrometer 
controlled  linear  stage.  The  micrometer  was  driven  by  a 
variable  speed  DC  gearhead  motor.  The  amount  of  overlap 
was  determined  by  the  speed  of  the  linear  stage  and  the 
angular  velocity  of  the  turntable.  For  cases  where  only 
a  few  overlapping  grooves  were  needed  the  DC  motor  was 
removed  and  the  micrometer  was  manually  adjusted  after 
each  pass.  While  single  pass  speeds  were  limited  to 


approximately  125  cm  sec”^  owing  to  the  necessity  of 
shuttering,  the  overlapped  machined  samples  did  not  have 
this  limitation.  Thus,  some  of  the  samples  in  Sec.  V 
were  laser  machined  at  a  velocity  of  250  cm  sec”^  although 
this  required  a  change  in  the  ratio  of  the  turntable  drive 
system. 

Variation  in  the  direction  of  the  Scunple  translation 
with  respect  to  the  polarization  of  the  incident  beam  was 
accomplished  by  mounting  both  the  "turntable"  and  linear 
stage  on  a  horizontal  rotating  indexing  table.  The  index-* 
ing  table  allowed  the  sample  velocity  vector  to  be  directed 
at  any  angle  6  in  the  horizontal  plane  with  the  angles  and 
direction  being  defined  in  relation  to  the  focused  laser 
beam  as  shown  in  Fig.  II. 1.  Direction  reversal  was  possi¬ 
ble  because  the  DC  motor  driving  the  turntable  was  rever¬ 
sible. 

Although  the  translation  stage  used  in  this  experi¬ 
ment  did  meet  all  the  functional  requirements,  it  did  have 
some  drawbacks.  The  most  obvious  was  that  the  grooves 
were  not  laser  machined  in  a  straight-line  manner  but 
formed  arcs  corresponding  to  the  radius  of  the  turntable. 
Another  drawback  was  the  variation  in  sample  speed  arising 
from  variations  in  turntable  radius.  The  speeds  cited  in 
the  following  sections  refer  to  the  speeds  at  the  9  cm 
radius  position  on  the  sample,  although  the  actual  speed 
of  each  groove,  which  was  normally  within  5%  of  the  cited 
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value,  was  used  in  all  calculations  involving  speed  such 
as  the  calculations  of  material  removal  rates.  Neither 
of  these  drawbacks  proved  to  be  of  critical  importance 
in  this  experiment. 

Not  shown  in  Fig.  II. 1  is  the  vacuum  nozzle  which 
was  placed  approximately  5  cm  from  the  focused  beam.  Its 
purpose  was  to  remove  the  vapor  and  dust  generated  in  form¬ 
ing  the  grooves  from  the  work  area. 


C.  Sample  and  Sample  Preparation 


This  research  was  restricted  to  one  silicon  com¬ 
pound  ceramic,  hot  pressed  silicon  nitride.  Silicon 
nitride  was  utilized  because  of  the  following  factors: 
previous  successes  in  laser  machining  of  Si^N^  limitations 
of  current  shaping  capabilities  using  conventional  machin¬ 
ing,  and  the  future  usefulness  of  this  material  for  struc¬ 
tural  applications.  The  Si^N^  selected  was  a  Norton 
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Company  product,  NC-132  which  has  become  the  standard 
for  advanced  ceramic  materials. 

C.l  Sample  Properties 

NC-132  is  a  uniaxially  hot  pressed  silicon  nitride 
which  is  nearly  isotropic.  The  flexural  strength  of  this 
material  shows  little  variation  (<20%)  with  direction  in 
the  billet.  Its  thermodynamic  properties  vary  less  than 
5%  when  measured  parallel  to  and  perpendicular  to,  the 
hot  pressing  axis.  NC-132  has  a  fine-grained  microstruc¬ 
ture  with  beta  8^3^^  being  the  major  crystalline  phase. 

The  maximum  grain  size  is  on  the  order  of  3  ym  and  there 
are  small  pores  dispersed  throughout  the  matrix.  The 
pores  are  typically  smaller  than  2  ym  in  diameter. 

Thermal  properties  for  NC-132  as  a  function  of 
temperature  were  derived  from  Norton's  technical 
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literature.  The  thermal  diffusivity  D  is  shown  in 
Fig.  I I. 3;  volumetric  specific  heat  capacity  C  is  presen- 

tr 

ted  in  Fig.  II. 4;  and  thermal  expansion  is  presented  in 
Fig.  II. 5.  The  plot  of  thermal  diffusivity  involved  the 
extrapolation  of  the  curve  from  1146  to  187 8°C.  The  plot 
of  specific  heat  capacity  involved  a  similar  extrapolation 
from  1425  to  1878°C.  Because  of  the  large  temperature 
dependence  shown  in  Figs.  II. 3  and  II. 4,  the  values  used 
in  this  experiment  were  the  integrated  averages  of  the 
published  and  extrapolated  data  from  25  to  1878°C.  These 
values  are  listed  in  Table  II. 2  and  used  in  Secs.  IV. C. 3 
and  IV. C. 4.  Sections  IV. C. 2  and  IV. C. 3  contain  more  de¬ 
tailed  information  about  the  high-temperature  thermodyna¬ 
mics  of  the  silicon  nitride  system. 

Other  properties  were  obtained  from  various  sources 
as  described  elsewhere  in  the  text.  The  values  of  flexure 
strength  for  NC-132  from  both  the  literature  and  those 
experimentally  obtained  in  this  research  are  discussed  in 
Secs.  V.B.4  and  V.C.2.  Section  V.C  contains  a  discussion 
including  material  removal  rates  of  conventional  machining 
techniques  commonly  used  with  NC-132  hot  pressed  silicon 
nitride. 

The  reflectivity  of  NC-132  at  the  X=10.6  ym  was 
measured  during  the  course  of  this  experiment  and  was 
correlated  with  published  information.  This  correlation 
leads  to  a  calculated  optical  index  of  refraction  for 
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Fig.  II. 3.  Specific  heat  capacity  as  a  function  of 
temperature  for  Si-N. . 
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Fig.  II. 4.  Thermal  diffusivity  as  a  function  of 
temperature  for  Si-N. . 


NC-132  at  X=10.6  ym  and  is  discussed  in  Sec.  IIl.c.2. 
Related  information  is  found  in  the  discussion  of  the 
various  mechanisms  of  absorption  of  the  incident  laser 
radiation  in  Sec.  IV.C.4. 

C.2  Sample  Preparation 

For  this  study  two  billets  of  NC-132  were  obtained 
from  the  Norton  Company.  Each  billet  was  produced  from 
Norton's  powder  lot  HN19.  Analytical  data  for  this  lot 
was  supplied  by  Norton  and  is  detailed  in  Table  II. 2.  The 
density  of  both  billets  was  measured  and  found  to  be 
3.25  g  cc”^.  In  addition  both  billets  were  examined  by 
x-ray  to  ensure  radiographic  uniformity. 

Samples  of  0.45x0.64x2.54  cm  were  sectioned  from 
the  15x15x0.64  cm  billet  of  NC-132.  The  top  surfaces  had 
a  uniform  surface  roughness  produced  by  grinding  using  a 
320  grit  diamond  wheel.  After  the  samples  were  laser 
machined  they  were  resectioned  for  examination  using  a 
high  speed  wafer  saw  with  a  220  grit  diamond  blade.  The 
calculated  areas  for  groove  cross  sections  were  determined 
from  photomicrographs  using  a  polar  planimeter. 


.  Laser  Characteristics 

In  order  to  fully  comprehend  the  laser  material 
interaction,  the  characteristics  of  the  laser  beam  must  be 
understood.  This  information  is  needed  not  only  for 
theoretical  modeling  but  also  when  others  compare  their 
findings  to  the  laser-material  interaction  data  of  this 
experiment.  When  the  interaction  involves  a  focused  beam, 
as  it  does  in  this  research,  infoi.'mation  about  the  unfo¬ 
cused  profile  is  of  little  importance,  except  that  it  is 
usually  the  unfocused  beam  that  is  used  to  tune  the  laser 
to  the  desired  mode  as  previously  stated  in  Sec.  II.B.l. 
Unless  many  assumptions  are  made,  such  as  the  beam  is  in 
the  TEMoo  mode  and  no  error  is  introduced  due  to  mirror  or 
lens  aberration,  the  information  gained  about  the  un¬ 
focused  beam  cannot  be  used  to  easily  calculate  focused 
beam  characteristics.  Therefore  focused  characteristics 
must  be  measured  directly.  Unfortunately  some  of  these 
characteristics  are  experimentally  difficult  to  measure 
due  to  the  high  powers  and  intensity  associated  with  the 
focused  beams  of  lasers  used  for  processing  of  materials. 

In  general  the  two  following  characteristics  should 
be  known  at  the  point  of  the  laser-material  interaction; 


1)  beam  power  P 


2)  spatial  distribution  of  intensity  of  the 
focused  beam  I(r) 

With  knowledge  of  P  and  I(r)  other  parameters  such 
as  focused  spot  size  and  peak  intensity  1(0)  can  then  be 
calculated. 

Of  the  two  main  characteristics  the  beam  power  was 
the  easiest  to  measure.  The  beam  power  at  the  focus  is  a 
function  of  the  laser  output  power  and  losses  due  to  the 
mirrors  and  focusing  lenses  in  the  beam  handling  and  fo¬ 
cusing  systems.  The  losses  were  periodically  measured 
using  a  Coherent^®  Model  213  power  meter  after  the  final 
lens.  With  the  losses  known  the  laser  output  could  be 
adjusted  so  that  the  desired  amount  of  power  was  delivered 
to  the  sample.  Although  the  laser  has  an  internal  monitor¬ 
ing  system  as  previously  mentioned  all  powers  reported 
in  this  thesis  refer  to  those  measured  after  the  final 
lens.  During  this  research  the  incident  powers  ranged 
from  315  to  940  W. 

The  measurement  of  the  focused  beam  intensity  pro¬ 
file  is  not  as  easily  accomplished.  Measurement  techniques 
that  are  suitable  for  unfocused  beams  do  not  give  accurate 
results  when  applied  to  focused  beams.  Three  common 
methods  are  used  to  measure  the  distribution  of  intensity. 
They  are  generally  referred  to  as:  thermal  imaging, 
direct  burning,  and  slit  scanning.  Only  slit  scanning 
appeared  to  have  the  accuracy  needed  for  this  research. 


The  slit  scanning  technique  involves  the  direct 
measurement  of  beam  power  through  an  aperture  which  trans¬ 
mits  only  a  small  portion  of  the  total  beam  area.  A  scan 
across  the  entire  beam  diameter  produces  a  power  versus 
position  trace  which  can  be  used  as  an  indication  of  the 
spatial  distribution  of  the  beam  intensity.  This  technique 
requires  that  the  size  of  the  aperture  must  be  small  enough 
to  adequately  resolve  the  true  detail  of  the  intensity 
distribution  yet  large  enough  to  transmit  sufficient  energy 
for  detection.  In  order  to  produce  an  accurate  recording 
of  the  intensity  distribution  by  continuous  scanning,  the 
maximum  translation  rate  of  the  aperture  must  be  appro¬ 
priately  matched  to  the  response  time  of  the  detection  and 
data  recording  system. 

When  this  scanning  technique  is  applied  to  the  focal 
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plane  where  intensity  density  are  on  the  order  of  5  MW  cm 
the  small  apertures  (25ym)  required  are  prone  to  damage 
unless  translated  very  quickly.  However,  fast  translation 
requires  the  use  of  a  fast  detector.  The  need  for  a  fast 
detector  and  the  difficulty  in  making  the  small  durable 
aperture  made  the  fast  translating  slit  technique  unde¬ 
sirable  in  this  investigation.  The  technique  finally  used 
in  this  experiment,  developed  in  part  by  the  investigator, 
involved  the  modification  of  the  aperture  thereby  allowing 
slow  aperture  translation  and  similarly  the  use  of  a 
slow  pyroelectric  detector. 


The  modified  system  involves  the  use  of  two  slits 
oriented  at  right  angles  to  each  other  at  fixed  distances 
apart  as  shown  in  Fig.  II. 6.  The  upper  slit  is  wider  than 
the  lower  slit.  When  the  converging  laser  beam  is  directed 
down  through  the  slits  the  upper  slit  only  allows  a  "slice” 
of  the  beam  to  reach  the  bottom  slit.  As  the  bottom  slit 
is  then  translated  through  this  slice  of  the  beam  the  de¬ 
tector  below  both  slits  measures  the  intensity  profile  as 
a  function  of  position.  By  adjusting  the  position  of  the 
slits  relative  to  the  lens  the  maximum  transmission  of 
power  can  be  found  and  it  is  at  this  point  the  focal  plane 
of  the  lens  is  coincident  with  the  bottom  slit.  This 
apparatus  can  therefore  also  be  used  to  locate  the  focal 
plane  of  the  lens  for  subsequent  experiments.  This  system 
works  because  the  upper  slit  reflects  the  bulk  of  the  beam 
energy  and  reduces  the  very  high  intensity  that  the  second 
slit  would  normally  encounter.  Both  slits  are  made  of 
copper  with  their  top  surfaces  highly  polished  to  make  them 
highly  reflective  to  the  incident  radiation  thereby  again 
reducing  the  possibility  of  damage  due  to  heating. 

A  complete  series  of  intensity  profiles  was  made 
with  the  double  slit  arrangement  using  the  standard  12.7  cm 
focal  length  lens.  This  series  consisted  of  scans  made  in 
the  plane  perpendicular  to  the  beam  and  centered  on  the 
axes.  This  was  accomplished  by  rotating  the  double  slit 
assembly  about  the  beam  axes  using  the  horizontal  rotating 


indexing  table  mentioned  in  Sec.  II. B. 4.  The  direction  of 
the  beam  intensity  profiles  can  be  related  to  the  direc¬ 
tions  shown  in  Fig.  II.  1.  This  series  of  be£un  scans  indi¬ 
cates  that  the  focused  beam  had  an  asymmetric  distribution 
similar  to  that  observed  in  the  unfocused  beam.  The  fo¬ 
cused  beam  could  be  best  described  as  being  elliptical. 
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If  one  chooses  to  pick  the  width  at  the  e  intensity 
level  then  the  elliptical  focused  beam  would  have  a  minor 
axis  of  190  ym  and  a  major  axis  of  280  ym  with  an  average 
diameter  of  230  ym^  Figures  II. 7  and  II. 8  show  the  in¬ 
tensity  distribution  along  both  axes  which  are  situated  at 
90°  to  one  another.  Also  shotm  in  Figs.  II. 7  and  II. 8 
are  Gaussian  overlays  for  comparison.  Using  the  overlays 
it  was  calculated  that  the  intensity  profiles  of  Figs.  II. 7 
and  II. 8  were  approximately  90%  Gaussian. 

with  the  parameters  used  to  generate  the  Gaussian 
overlays  one  can  also  calculate  the  approximate  peak  power 
density  1(0).  Using  a  beam  diameter  based  on  the  Gaussian 

overlay  of  Fig.  II. 7  with  an  incident  power  of  942  W,  one 
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Obtains  a  peak  power  density  of  4.15  MW  cm  ;  similarly 
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Fig.  II. 8  would  give  7.68  MW  cm  .  These  two  values  lead 
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to  an  average  power  density  of  5.92  MW  cm 

In  addition  to  the  beam  power  and  focused  beam  inten¬ 
sity  profile  the  polarization  of  the  incident  beam  was 
also  measured  during  the  course  of  the  experiment.  The 
polarization  has  particular  relevance  to  Chap.  Ill  and  is 


III.  SINGLE  GROOVE  FORMATION  STUDY  -  PART  I 


j  A.  Introduction 

I 

As  Stated  in  Chap.  I  to  fully  understand  shaping  by 
overlapping  grooves  one  requires  knowledge  and  data  on  the 
formation  of  single  grooves.  This  chapter  details  the 
specific  investigation  undertaken  to  study  the  origin  of 
previously  observed  unexpected  single  pass  behavior.  Ex¬ 
amination  of  sections  perpendicular  to  the  laser  vaporized 
grooves  in  Si^N^  had  revealed  that  these  grooves  were  often 
curved,  within  this  chapter  observation  of  this  behavior 
was  documented  and  several  possible  explanations  were 
experimentally  tested.  Subsequently,  it  was  found  that 
the  shape  of  the  groove  cross  section  is  directly  related 
to  the  partially  polarized  incident  beam. 


B.  Results 


B.l  Curvatures  Versus  Translation  Direction 

The  curved  behavior  described  in  Secs.  I. A  and 

III. A  can  be  seen  in  the  groove  cross  section  shown  in 

Fig,  III.l.  The  sample  was  translated  in  the  0°  direction 

at  5  cm  sec”^  using  560  W.  This  behavior  was  seen  over  a 

wide  range  of  speeds  with  Fig.  III.l  typical  of  low  speeds. 

As  the  translation  speed  was  increased  for  the  saune  power 

the  groove  became  shallower  with  the  curvature  eventually 

disappearing;  however,  the  groove  remained  asymmetric  with 

one  wall  being  steeper  than  the  other.  When  the  speed  was 

-1 

increased  beyond  100  cm  sec  only  a  slightly  asymmetric 
shape  can  be  found  in  the  sectioned  sample.  Varying  the 
power  has  the  same  effect.  For  a  fixed  velocity  vector, 
decreasing  the  incident  power  reduced  the  extent  of  the 
curving  as  well  as  the  depth  of  the  groove. 

Although  the  direction  of  curvature  was  very  con¬ 
sistent  for  a  fixed  velocity  vector  and  the  material  was 
believed  to  be  nearly  isotropic,  the  sample's  orientation 
was  changed  while  maintaining  the  same  velocity  vector  in 
an  effort  to  vary  the  direction  of  curvature.  All  exper¬ 
iments  involving  changes  in  sample  orientation  gave  nega¬ 
tive  results,  i.e.,  the  direction  of  curvature  was  not 
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Fig.  III.l.  Cross  section  illustrating  curving  behavior 
$=0°  translation  direction. 


changed.  Also,  the  experiments  showed  that  the  direction 
of  curving  was  independent  of  the  angle  of  incidence  as 
well  as  being  independent  of  the  type  of  cover  gas  used. 

One  experiment  that  did  cause  the  direction  of 
curvature  to  change  involved  the  reversal  of  the  velocity 
vector.  An  example  of  this  behavior  can  be  seen  in  Fig. 
III. 2  where  all  parameters  are  the  same  as  those  used  in 
Fig.  III.l  except  the  direction  of  translation  was  changed 
by  180°.  Note  that  the  velocity  vector  is  indicated 
on  every  figure  with  a  sectioned  groove  and  refers  to  the 
motion  of  the  sample.  One  can  see  from  Figs.  III.l  and 
III. 2  that  not  only  is  the  direction  of  curvature  reversed 
but  the  shape  is  also  reversed  to  the  point  of  being  a 
mirror  image.  This  effect  was  seen  for  the  whole  velocity 
range  investigated. 

B.2  Entrance  and  Exit  Shapes 

Section  III.B.l  referred  to  curving  behavior  of  a 
sectioned  groove  when  not  influenced  by  end  effects.  Ob¬ 
servations  of  the  changes  in  groove  curvature  where  the 
laser  first  enters  or  leaves  the  Si^N^  sample  revealed  the 
entrance  to  the  groove  had  a  curved  cross  section,  while 
the  exit  had  a  symmetric  or  straight  cross  section  (see 
Figs.  III. 3  and  III. 4). 


Successive  cross  sections  performed  in  the  region 
near  the  entrances  showed  that  the  curved  groove  cross 


Fig.  III. 2.  Cross 
0=180°  translation 


section  illustrating  curving  behavior, 
direction. 
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Fig.  III. 3.  Cross  section  at  entrance 


section  as  seen  in  Fig.  III. 3  is  very  representative  in 
both  shape  and  amount  of  the  curvature  observed  throughout 
the  length  of  the  groove.  In  addition,  later  experiments 
showed  that  curvature  versus  translation  direction  in  the 
previous  section  is  exactly  mimicked  at  the  entrance  to 
the  groove,  although  the  fine  details  of  the  groove  are 
harder  to  observe  in  the  unsectioned  samples  because 
material  produced  by  the  vaporization  had  been  deposited 
on  the  entrance  surfaces. 

Behavior  observed  in  the  exit  region  of  the  groove 
is  more  complicated.  For  the  velocity  vector  and  power 
corresponding  to  Fig.  III. 4  successive  cross  sections 
starting  back  from  the  exit  surface  showed  that  the  curva¬ 
ture  seen  throughout  the  groove  begins  to  become  more 
symmetric  about  0.5  ram  from  the  exit  surface  of  the  sam¬ 
ple.  In  the  region  where  this  straightening  takes  place 
the  groove  becomes  slightly  shallower.  After  becoming 
this,  the  groove  becomes  deeper  while  still  maintaining 
a  symmetric  profile  just  as  it  leaves  the  surface.  This 
final  lengthening  of  the  exit  surface  can  be  seen  in 
Fig.  III. 4.  This  behavior  was  seen  over  a  wide  range  of 
velocities  and  powers  though  the  distance  from  the  end 
at  which  the  straightening  took  place  did  vary  with  these 
parameters . 


B.3  Spatial  Distribution  of  Intensity 


It  was  first  hypothesized  that  the  curved  groove 
cross  section  was  due  to  an  asymmetrical  spatial  distri¬ 
bution  of  intensity  within  the  output  beam.  As  stated  in 
Sec.  II. D  beam  scans  of  the  focused  beam  showed  similar 
asymmetry.  The  focused  beam  could  be  best  described  as 
being  elliptical.  The  origin  of  the  curved  groove  cross 
section,  according  to  this  hypothesis,  can  best  be  ex¬ 
plained  by  regarding  the  focused  beam  profile  as  two 
closely  spaced  peaks  of  intensity.  The  line  connecting 
the  peaks  would  then  correspond  to  the  major  axis  of  the 
ellipse. 

If  this  line  is  at  an  angle  to  the  translation 
direction  as  shown  in  Fig.  III. 5  the  first  peak  of  inten¬ 
sity  will  begin  to  create  a  groove  as  shown  in  Fig.  III. 5, 
section  AA.  As  the  translation  continues  the  second  peak 
of  intensity  will  not  impinge  the  smooth  top  surface  but 
rather  the  wall  of  the  groove  created  by  the  first  peak. 
The  second  peak  will  be  guided  by  reflection  from  the  wall 
to  create  the  curvature  of  the  groove  as  seen  in  section 
BB  of  Fig.  III. 5.  If  the  direction  of  translation  is 
reversed  it  is  easy  to  see  that  the  direction  of  curving 
would  switch  to  the  other  side,  which  would  be  consistent 

with  the  general  behavior  seen  in  Figs.  III.l  and  III. 2. 
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By  the  above  hypothesis,  the  shape  of  the  groove  should 
remain  the  same  throughout  the  sample.  This  behavior  was 
observed  except  where  the  beam  leaves  the  sample. 


To  verify  this  model,  control  of  the  intensity 
variation  was  necessary  while  maintaining  all  other  para¬ 
meters  at  constant  values.  This  control  was  obtained  with 


the  arrangement  depicted  in  lens  system  B  of  Fig.  II. 1. 

Two  cylindrical  lenses  of  different  focal  lengths 
(fj^=25.4  cm,  f 2*12. 7  cm)  were  oriented  at  90°  with  respect 
to  each  other  and  positioned  at  a  distance  d  equal  to  f^ 
minus  fj  apart.  By  slightly  varying  d,  a  line  of  intensity 
could  be  produced.  Rotation  of  the  lens  assembly  was  used 
to  vary  the  angle.  Many  scans  were  made  varying  the  angle 
between  the  line  of  intensity  and  the  translation  vector 
in  an  effort  to  affect  the  direction  of  curvature.  In 
no  case  was  it  possible  to  vary  the  curvature.  Based  on 
this  result  and  the  failure  of  the  intensity  model  to 
explain  the  groove  shape  where  the  laser  beam  exits  the 
sample  it  was  concluded  that  asymmetry  in  the  spatial 
distribution  does  not  provide  an  adequate  explanation  for 
the  curved  cross  section  of  the  single  pass  groove. 


B.4  Polarization  of  Beam 

Polarization  is  known  to  effect  the  removal  of 

materials  in  metal  systems  although  the  extreme  curvature 
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observed  here  has  not  been  previously  reported.  It  is 
well  known  that  laser  beams  are  often  partially  polarized 
due  to  the  use  of  internal  Brewster  windows.  The  laser 
used  in  this  experiment  has  no  such  windows,  however,  it 
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does  employ  internal  turning  mirrors  which  could  give  rise 
to  polarization  of  the  beam. 

A  measurement  of  the  beam  was  undertaken  using  a 
double  Brewster  window  polarizer.  The  beam  was  chopped 
and  masked  and  the  polarizer  placed  after  the  final  turning 
mirror.  These  measurements  indicated  that  the  beam  was 
indeed  polarized  with  the  electric  vector  E  pointed  in 
the  80°  and  198°  direction  of  Fig.  II. 1.  The  18°  value 
correlated  with  the  orientation  of  the  internal  mirrors 
at  each  end  of  the  cross-over  tube  which  were  18°  from  the 
vertical  direction  as  shown  in  Fig.  II. 1. 

Experiments  were  undertaken  to  study  the  curving 
effect  in  relationship  to  the  polarization.  Seunples  were 
translated  for  various  values  of  the  angle  the  angle 
between  E  and  This  was  done  by  rotation  of  the  index 

table  below  the  translation  stage.  A  direct  correlation 
was  seen  as  shown  in  Figs.  I II. 6  to  I I I. 9.  When  the 
angle  $=0  ,  or  when  E  and  ^  were  parallel,  the  grooves 

S 

had  straight  cross  sections.  In  this  case  the  grooves 
were  more  narrow  and  deep  than  observed  at  any  angle  <I> 

(Fig.  III. 6)  . 

When  9  equals  90°,  the  groove  was  again  symmetric 
but  very  different  in  character  from  the  groove  for 
♦*0°.  At  *=90°  it  was  wide  and  shallow.  At  very  low 
speed  at  4^90°  the  groove  was  wider  below  the  surface  than 
above  (see  Fig.  III. 9) .  At  angles  9  between  0°  and  90° 


curving  was  observed.  As  the  angle  was  increased  from 
0°,  the  groove  changes  from  a  long  straight  profile  to  a 
gentle  curve.  With  further  increases  in  the  curvature 
of  the  groove  became  more  pronounced,  the  depth  decreased 
and  the  width  increased  as  seen  in  Fig.  III. 7.  As  $ 
approached  90°,  the  shape  became  more  angular  as  the  groove 
widened  and  its  depth  further  decreased.  This  behavior 
can  be  seen  in  Fig.  III. 8  where  $  equals  72°. 

The  groove  profile  is  extremely  sensitive  to  the 
angle  $  when  $  nears  the  values  of  0°  or  90°.  The  cross 
section  can  go  from  symmetric  to  asymmetric  if  the  angle 
is  varied  by  as  little  as  5°.  Whenever  the  value  of  ^ 
is  varied  through  0°  or  90°,  the  direction  of  curvature 
changes.  This  behavior  is  consistent  with  that  shown  in 
Figs.  III.l  and  III. 2.  Also,  whenever  two  grooves  are 
made  with  $'s  that  are  oppositely  directed,  they  have  the 
Scune  profile  but  the  direction  of  the  curvature  is  re¬ 
versed. 


B.5  Absorption  Versus  Polarization 

The  strong  correlation  of  polarization  angle  and 
groove  curvature  suggests  that  a  dependence  of  absorption 
on  polarization  may  exist  and  dominate  the  interaction  of 
the  beam  with  the  groove  walls.  Thus,  a  study  was  done  to 
measure  the  absorption  for  two  different  cases  of  polari¬ 
zation.  In  the  first  case,  the  electric  vector  of  the 


incident  beam  was  perpendicular  to  the  plane  of  incidence 
(transverse  electric,  TE) ;  in  the  second,  the  electric 
vector  was  parallel  (transverse  magnetic,  TM) .  In  both 
cases  absorption  versus  angle  of  incidence  B  was  measured. 

A  1.27x3.81  cm  polished  Si^N^  sample  and  a  small 
CO 2  laser  with  an  output  of  10  W  were  used  in  the  study. 

The  sample  was  mounted  so  that  the  absorption  for  various 
incidence  angles  for  the  two  cases,  TE  and  TM,  could  be 
measured. 

The  absorption  was  calculated  by  a  reflection 
method.  This  method  assumes  that  the  absorption  is  equal 
to  1  minus  the  quotient  of  the  measured  reflected  power 
divided  by  the  measured  input  power,  A  Coherent  Model  210 
power  meter  was  used  to  measure  both  powers.  Because  of 
the  power  meter  head  size,  incidence  angles  smaller  than 
10°  could  not  be  measured.  Also,  due  to  the  small  sample 
size  incidence  angles  larger  than  60°  could  not  be  mea¬ 
sured.  The  results  are  given  in  Table  III.l.  In  the 
reflection  method,  it  is  very  difficult  to  measure  all  the 
reflected  light  because  of  scattering.  This  was  thought 
to  be  occuring  because  microscope  examination  of  the 
polished  sample  showed  roughness  that  appeared  to  be  due 
to  grain  pullout. 

A  second  experiment  was  undertaken  to  measure  ab¬ 
sorption  using  a  calorimetric  method  which  was  not  affected 
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by  scattering.  The  temperature  of  a  sample  thermally 


Absorption 


Angle  of  Incidence 

(Reflection  Method) 

(Calorimetry) 

(deg) 

TM 

TE 

TM 

TE 

0“ 

0.113 

0.113 

lO* 

0.175 

0.183 

o 

O 

0.185 

0.174 

0.118 

0.102 

40“ 

0.196 

0.145 

0.137 

0.067 

60“ 

0.249 

0.118 

0.191 

0.035 

Table  III.l.  Absorption  versus  angle  of  incidence 


isolated  from  its  surroundings  was  measured  as  a  function 

of  time.  If  a  laser  beam  of  constant  intensity  impinges 

on  the  sample,  energy  will  be  absorbed  causing  a  rise  in 

temperature,  which  can  be  measured  using  a  thermocouple 

attached  to  the  Scimple.  The  experimental  data  was  reduced 
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by  the  "two-slope”  method.  In  this  technique  the  slope 
of  the  temperature-time  curve  is  corrected  for  sample  heat 
losses  to  the  surroundings  in  calculating  the  absorption 
coefficient.  The  results  are  also  shown  in  Table  III.l. 
Note  that  this  method  allows  the  absorption  at  0°  angle 
of  incidence  to  be  measured.  The  values  of  absorption 
as  measured  by  calorimetry  were  lower  than  those  measured 
by  the  reflection  method.  This  difference  was  due  to 
the  scattering  losses  which  affect  the  results  using  the 
latter  method.  The  calorimetric  values  are  used  as  the 
correct  values. 

In  addition,  reflectance  versus  wavelength  was 
independently  commercially  measured  using  a  similar  re¬ 
flection  method  at  an  incidence  angle  of  20°  for  the  same 
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sample.  The  results  of  this  measurement  are  shown  in 
Fig.  III. 10.  The  10.6  pm  value  was  consistent  with  the 
value  obtained  by  this  investigation's  reflection  method. 


Infrarod  rofloctance  as  a  function  of  wavelength 


C.  Discussion 


C.l  Curvature  Mechanism 

The  mechanism  which  is  believed  to  cause  polarization 
induced  curvature  in  a  single  pass  groove  is  illustrated 
in  Fig.  III. 11.  Shown  is  the  angular  relationship  between 
the  velocity  vector  and  the  E  vector  of  the  incident  beam. 
Also  shown  are  two  reflection  vectors  designating  the  TM  and 
TE  reflection.  The  TM  reflection  is  produced  when  the 
incident  beam's  E  vector  is  in  the  plane  of  incidence  while 
the  TE  reflection  is  produced  when  the  E  vector  is  perpen¬ 
dicular  to  the  plane  of  incidence.  For  steady-state 
cutting  represented  in  Fig.  III. 11,  the  focused  beam  will 
interact  with  the  slanted  wall  of  the  groove  and  be  re¬ 
flected.  Although  the  whole  front  surface  reflects  the 
light,  for  simplicity  only  the  two  reflections  mentioned 
previously  are  shown,  and  because  the  V  vector  is  defined 
as  45°  from  the  E  vector,  the  direction  of  the  reflected 
vector  is  symmetric  around  the  velocity  vector  as  shown 
in  Fig.  III. 11.  Although  the  direction  of  reflections 
is  symmetric  the  magnitude  of  the  TE  and  TM  reflections 
will  not  be.  As  the  data  obtained  in  Sec.  III.B.5  shows, 
and  Fresnel's  law  predict®,  for  any  angle  of  incidence 
larger  than  0°,  the  magnitude  of  the  TE  reflection  will  be 
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the  largest.  This  increase  in  magnitude  is  represented 
schematically  by  the  increased  length  of  the  TE  vector 
in  Fig.  III. 11.  After  the  initial  reflections  both  the 
TE  and  TM  reflections  are  directed  down  and  across  to 
the  opposing  wall  where  the  energy  will  be  absorbed.  But 
since  the  intensity  of  the  light  reflected  as  TE  rays  is 
larger  than  that  reflected  as  TM  rays  more  energy  will  be 
deposited  and  therefore  more  material  removed  in  this  area. 
The  uneven  reflection  and  subsequent  non-symmetric  energy 
deposition  creates  the  curved  cross  section. 

Figure  III. 11  simplifies  the  true  situation  of  the 
laser  beam  interacting  with  the  sample,  because  it  does  not 
illustrate  the  multiple  reflection  of  the  beam  off  the 
wall  as  it  penetrates  the  material.  Also  the  diagram  does 
not  represent  the  cross  section  modification  due  to  the 
energy  absorbed  by  the  front  wall  in  the  region  of  the 
origin  of  the  TM  reflection  but  this  would  just  add  to  the 
non-symmetric  energy  absorption  causing  the  curving.  Al¬ 
though  a  simplification.  Fig.  III. 11  and  the  mechanism  it 
represents  can  be  used  to  explain  satisfactorily  the  obser¬ 
vations  and  behavior  reported  in  Secs.  III.B.l  and  III.B.4. 
When  the  direction  of  translation  is  reversed  or  when  $  is 
changed  from  plus  to  minus  the  direction  of  curvature  is 
also  reversed.  When  ♦  is  0°,  there  will  be  two  TE  reflec¬ 


tions;  one  on  each  side  of  the  groove  and  a  TM  reflection 
off  the  front  surface  directed  along  the  bottom  of  the 
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groove.  Since  the  magnitude  of  the  two  TE  reflections  on 
the  sides  are  equal  the  groove  created  should  be  symmetric 
and  the  TM  reflection  at  the  front  represents  a  high  ab¬ 
sorption  in  the  region  thus  creating  a  long  straight  cross 
section.  When  4=90°  there  are  two  TM  reflections  on  the 
sides  and  a  TE  reflection  in  the  front.  The  two  TM  reflec¬ 
tions  representing  high  absorption  at  the  walls  create  a 
wide  groove  that  is  still  symmetric.  At  all  other  angles, 
0°<$<90°,  the  reflections  are  no  longer  symmetric  and 
curving  will  take  place. 

The  mechanism  also  predicts  the  groove  front  should 

be  curved  in  the  plane  perpendicular  to  the  top  surface  of 

the  sample  and  parallel  to  the  velocity  vector  as  shown 

in  position  A  of  Fig.  III. 12.  The  mechanism  requires  that 

the  light  is  reflected  down  the  front  of  and  back  along  the 

bottom  of  the  groove.  This  front  curve  behavior  has  been 
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seen  during  laser  welding  of  quartz.  It  is  also  this 
curved  front  that  gives  rise  to  the  unusual  behavior  des¬ 
cribed  in  Sec.  III.B.2,  where  the  groove  approaches  the 
exit  surface.  Just  as  the  tip  of  the  groove  crosses  the 
exit  surface  the  cross  section  curving  mechanism  will 
start  to  break  down  since  there  is  no  front  surface  with 
which  the  beam  can  interact  (position  B,  Fig.  III. 12). 

This  accounts  for  the  straightening  of  the  groove  at  a 
relatively  large  distance  from  the  end  compared  to  the 
beam  di2uneter.  At  this  point  the  main  part  of  the  beam 


would,  in  a  sense,  overtake  the  curved  front.  The  front 
becomes  modified  by  the  end  surface  as  seen  in  position  C, 
Fig.  III. 12.  In  this  position  the  beeun  hits  this  surface 
at  a  smaller  angle  of  Incidence  so  that  it  is  no  longer 
reflected  back  into  the  groove  but  rather  ahead  of  itself 
and  down  the  exit  surface  (postion  D)  creating  the  effect 
seen  in  Fig.  III. 4,  a  long  straight  groove. 


C.2  Calculated  Absorption 

From  Figs.  III. 11  and  III. 12  and  the  cross  section 

of  the  other  grooves  shown,  it  can  be  seen  that  the  angle 

of  incidence  of  the  beeun  with  the  groove  walls  is  probably 

75°  to  80°,  rather  than  60°,  which  was  the  largest  angle 

for  which  the  absorption  was  reported  in  Sec.  III.B.4. 

The  reflectance  of  the  TE  and  TM  beams  can  be  calculated 
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using  the  following  complex  equation 


Reflectance  = 
(TE) 


cos6-Ncosy 

fcosB-Ncosy 

cosS+Ncosy 

[cosB+Ncosy 

(III.l) 


Reflectance 

(TM) 


T-NcosB+cosy 

-NcosB+cosy' 

[  NcosB+cosy 

NcosB+cosy 

(III. 2) 


2  2  h 

where  6  is  the  angle  of  incidence;  cosy= (1-sin  8/N  )  ,  and 

N  is  the  complex  index  of  refraction  (n+ik) . 

4  3 

Reizman  and  Van  Gelder  give  the  optical  index  of 


refraction  of  Si^N.  as  1.96  to  2.02  in  the  visible  region. 


The  use  of  this  value  at  X=10.6  ym  is  not  possible,  because 

as  stated  in  Sec.  III.B.5,  a  reflectance  versus  wavelength 

curve  was  experimentally  determined  and  it  indicates  that 

there  is  a  Reststrahl  band  centered  at  X=10.6  ym.  This 

infrared  absorption  band  can  cause  the  value  of  n  to 
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deviate  considerably  from  the  visible  value.  Haggerty 
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and  Cannon  have  listed  values  of  the  optical  properties 
at  X=10.6  ym  as  n=2.1  and  k=6.95.  Their  n  value  was  de¬ 
rived  from  an  extension  of  the  Reizman  and  Van  Gelder  work 
but  because  of  the  Reststrahl  band  is  incorrect.  The  k 
value  was  derived  by  Haggerty  and  Cannon  from  a  bulk  ab¬ 
sorption  measurement.  It  can  be  shown  that  k=aj^X/4TT  where 
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is  the  bulk  absorption  coefficient.  Haggerty  and 
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Cannon  experimentally  calculated  24x10  cm  which 

then  gives  a  k  value  of  6.95  for  Si^N^. 

Assuming  their  value  of  k  is  correct,  one  is  able 
to  calculate  n  using  either  Eqs.  (III.l)  or  (III. 2)  and 
the  data  of  Sec.  III.B.4.  For  the  case  of  normal  incidence 
(B=0°)  both  Eqs.  (III.l)  and  (III. 2)  give  the  same  result 
namely 


2  2 

Reflectance  =  , 

(l+n)‘^+k‘^ 


(III. 3) 


Using  a  reflectance  of  0.89  derived  from  Table  III.l  and 
ks6.85,  Eq.  (III. 3)  requires  a  value  of  1.5  for  n.  Using 
these  values  of  n  and  k  with  Eqs.  (III.l)  and  (III. 2)  a 


plot  of  reflectance  as  a  function  of  angle  of  incidence 
can  be  calculated  for  both  the  TE  and  TM  polarization. 

This  plot  is  shown  graphically  in  Fig.  III. 13.  Also  plot¬ 
ted  is  the  data  from  Table  III.l  obtained  using  the 
calorimetric  method.  There  is  fairly  good  agreement  be¬ 
tween  the  two  for  the  range  g=0°to  60°.  Examination  of 
Fig.  III. 13  in  the  region  where  the  inital  reflections 
are  thought  to  be  taking  place  6=75°  to  85°  reveals  that 
there  would  be  a  great  difference  between  the  magnitudes 
of  the  two  reflections.  The  maximum  difference  is  at 
6=82°  where  the  reflectance  for  the  TM  polarization  is 
only  0.65  while  the  TE  would  be  0.98.  This  indicates 
that  the  TM  polarization  is  absorbed  17.5  times  as  much 
as  the  TE  polarization.  This  large  difference  is  consis¬ 
tent  with  the  proposed  mechanism. 


Reflectance 


Angle  of  Incidence  (d*g.) 


Fig.  III. 13.  Reflectance  as  a  function  of  angle  of 
incidence  for  Si^N^  at  X=10.6uin. 
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IV.  SINGLE  GROOVE  FORMATION  STUDY  -  PART  II 


A.  Introduction 

Chapter  III  investigated  the  dependence  of  the  shape 
of  laser  machined  grooves  in  Si^N^  on  the  angle  ($)  between 
the  velocity  vector  of  the  sample  with  respect  to  the  in¬ 
cident  becim  and  the  electric  vector  of  the  incident  beam, 
which  is  partially  polarized.  When  il>=0°  the  groove  has  a 
triangular  cross  section  extending  perpendicular  to  the 
surface,  which  is  the  narrowest  and  deepest  observed  at 
any  angle.  When  ^  equals  90°,  the  groove  is  wide  and 
shallow  with  a  rounded  bottom.  For  0°<$<90°,  the  groove 
cross  section  was  curved. 

In  this  chapter  the  investigation  has  obtained 
additional  data  on  the  formation  of  single  grooves  in 
silicon  nitride.  Groove  cross  sections  and  material  re¬ 
moval  rates  have  been  determined  for  a  wide  range  of  in¬ 
cident  beam  powers  and  beam  scan  speeds.  Groove  formation 
has  been  studied  in  several  different  atmospheres  and 
under  different  focusing  conditions.  The  objective  has 
been  to  develop  a  better  understanding  of  the  energy  bal¬ 
ance  involved  in  the  reaction  resulting  in  material  removal 
and  of  the  mechanism  of  absorption  of  the  beam  power. 


B.  Results 


Although  Chap.  Ill  investigated  the  dependence  of 
the  shape  of  laser  machined  grooves  on  4,  the  variation 
of  material  removal  rate  with  4  was  not  determined.  This 
variation  was  presently  determined  and  is  shown  in  Fig. 

IV. 1  for  the  0°<4<90°  and  a  speed  of  4.2  cm  sec  At 
4=0°,  the  material  removal  rate  is  greatest.  It  decreases 
gradually  with  increasing  4  reaching  its  least  value  at 
4=90°.  The  difference  in  Z  observed  between  the  4=0°  and 
4=90°  orientations  decreases  as  the  speed  is  increased  (see 
Figs.  IV. 2  and  IV. 3). 

Because  of  the  slight  dependence  of  Z  on  4,  even  at 
low  speeds  only  the  4=0°  and  4=90°  orientations  were  in¬ 
vestigated.  It  was  felt  that  results  for  these  orienta¬ 
tions  would  reveal  all  phenomena  that  might  be  occuring 
and  that  material  removal  rates  for  the  angles  4  between 
0°  and  90°  probably  could  be  predicted  by  extrapolating 
from  measured  end  points. 

B.l  Effect  of  Speed  and  Power 

For  the  two  orientations  of  4,  a  series  of  scans 
was  performed  varying  incidence  powers  and  scan  speeds.  . 
The  material  removal  rates  were  determined  for  these  scans 
and  are  plotted  in  Figs.  IV. 2  and  IV. 3.  Figures  IV. 4  and 
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Fig.  IV. 2.  Material  removal  rates  as  a  function  of  scan 
speed  and  incident  power  for 
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Fig.  IV. 4.  Cross  section  as  a  function  of  scan  speed  for 


IV. 5  show  typical  photomicrographs  of  groove  cross  sections 
for  the  560  W  scans  in  Figs.  IV. 2  and  IV. 3  respectively. 

Two  significant  trends  are  seen  in  the  data  presented 
in  Figs.  IV. 2  and  IV. 3.  One  trend  is  the  gradual  decrease 
in  material  removal  rates  at  high  speeds,  which  is  least 
evident  at  the  highest  power  level.  The  second  is  the  de¬ 
crease  in  material  removal  rate  with  decreasing  speed  at 
low  speeds;  this  effect  is  most  evident  at  the  highest 
power  level.  At  lower  power  levels  the  effect  is  reduced 
to  the  point  where  there  is  no  decrease  for  the  314  W 
scans.  In  fact  the  material  removal  rate  increases  with 
decreasing  speed  for  the  4^0°  orientation  at  314  W.  Since 
there  are  effects  that  tend  to  decrease  the  material  re¬ 
moval  rate  in  both  the  high  and  low  speed  ranges,  there 
is  a  range  where  material  removal  rates  are  maximized. 

For  both  orientations  the  560  W  scans  show  a  maximum 

in  the  30  to  70  cm  sec”^  speed  range  with  material  removal 

rates  of  4.9xl0”^  cm^  sec”^  for  4*90°  and  5.2x10  ^  cm  sec  ^ 

for  4*0°  orientation.  As  the  incident  power  is  increased, 

the  speed  range  where  maximum  material  removal  rate  occurs 

also  increases  and  shifts  to  higher  values.  For  the  942  W 

scans  the  maximum  appears  around  70  to  110  cm  sec  ^  with 
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material  removal  rates  on  the  order  of  9.6x10  cm  sec 
for  both  orientations.  For  the  314  W  scans,  the  material 
removal  rate  does  not  decrease  significantly  at  lower 
speeds  and  the  value  of  Z  is  1.8xl0*~^  cm^  sec  ^  over  a 


wide  speed  range  centered  around  70  cm  sec”^. 

The  difference  in  material  removal  rates  for  the  two 
orientations  <t=0°  and  90°  has  already  been  mentioned.  As 
seen  in  Figs.  IV. 2  and  IV. 3  this  difference  becomes  smaller 
as  the  speed  is  increased.  Also,  the  groove  shapes  shown 
in  Figs.  IV. 4  and  IV. 5  become  similar  at  the  higher  speeds 
although  the  $*0°  groove  retains  a  more  angular  shape  even 
at  the  highest  velocity  shown. 

As  stated  previously,  for  both  the  4=0°  and  90° 
orientations  one  would  expect  a  symmetrical  groove  shape 
based  on  the  polarization  induced  curvature  mechanism,  but 
the  groove  for  the  10.6  cm  sec”^  scan  in  Fig.  IV. 4  is 
curved.  Figure  IV. 6  shows  examples  of  the  variation  in 
cross  section  for  three  different  grooves  with  the  same 
parameters,  4=0°,  560  W,  and  9.2  cm  sec"*^.  Successive 
cross  sections  within  the  same  groove  show  similar  varia¬ 
tions  with  the  direction  of  the  curvature  shifting  back 
and  forth,  although  the  average  groove  shape  is  symmetric. 
This  instability  in  the  cross  sections  is  observed  pri¬ 
marily  in  the  4=0°  orientation  and  usually  only  in  the 
deepest  grooves. 

B.2  Effects  of  Gas 

The  atmosphere  used  in  laser  machining  the  grooves 
described  in  Figs.  IV. 2  and  IV. 3  was  oxygen.  Similar 
experiments  were  performed  using  He  and  N2> 
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Fig.  IV. 6.  Variation  in  cross  section  with  constant  parameters. 


previously  reported  increases  in  groove  depth  when  a  high 

velocity  jet  of  O2  was  substituted  for  one  of  N2/  it  was 

expected  that  the  material  removal  rate  for  He  and  N2  would 
26 

be  lower.  In  contrast  to  the  earlier  results,  however, 
no  detectable  differences  in  groove  cross  section  were 
detected  when  the  environment  was  varied,  see  Fig,  IV. 7. 

It  appears  that  the  previously  observed  increase  was  due  to 
slight  unintentional  changes  in  nozzle  orientation. 

Although  no  difference  in  material  removal  rate  was 
observed  /hen  the  gas  environment  was  changed,  there  were 
differences  observed  in  the  ejected  material  deposited  on 
the  top  surface  of  the  sample  near  the  groove  as  well  as  on 
the  wall  of  the  sample  holder.  For  both  the  He  and  N2  gas 
environment  a  brown  powder  was  observed  while  for  the  O2 
environment  a  whitish  powder  was  deposited.  It  is  likely, 
based  on  the  known  colors  of  Si02  and  Si^N^,  that  the  white 
powder  is  Si02  and  the  brownish  powder  is  Si^N^,  however, 
no  chemical  analysis  was  performed  to  positively  identify 
the  powders. 

Because  the  current  results  differed  from  previously 
reported  results  on  the  effect  of  gas  environment,  the 
experiments  were  repeated  using  a  closed  cheunber  to  insure 
that  the  environment  around  the  sample  was  pure.  The 
ch£unber  was  operated  in  two  modes:  one  with  a  static  gas 
environment  and  the  other  with  the  pure  gas  continually 
flowing  during  seunple  irradiation.  The  latter  mode  was 


more  satisfactory  because  less  ejected  material  was  de¬ 
posited  on  the  NaCl  windows  with  the  flowing  system.  All 
experiments  using  the  chamber  verified  that  for  Si^N^,  the 
material  removal  rate  was  the  same  for  O2/  N2/  and  He 
atmospheres. 

B.3  Effect  of  Focus 

An  experiment  was  conducted  where  the  focal  plane 
which  normally  was  positioned  at  the  top  surface  was  moved 
both  above  and  below  the  surface  of  the  sample.  Material 
removal  rates  were  determined  for  both  the  and  $=90° 

orientations,  and  for  several  velocities  at  520  W.  The 
results  of  the  focal  plane  experiment  for  the  laser  machin¬ 
ing  parameters  of  $=0°  and  70.6  cm  sec”^  are  given  in 
Fig.  IV. 8.  The  determination  of  material  removal  rate 
versus  position  of  focal  plane  was  first  done  with  the 
standard  12.7  cm  focal  length  lens.  It  was  observed  that 
slightly  more  material  was  removed  when  the  focal  plane  was 
located  above  the  surface  of  the  sample  than  when  it  was 
located  an  equal  amount  below.  The  experiment  was  repeated 
using  a  6.4  cm  focal  length  lens  with  the  hope  of  magnify¬ 
ing  the  effect  due  to  the  smaller  focal  depth.  These 
results  are  shown  in  Fig.  IV. 9.  The  difference  in  material 
removal  rate  became  much  more  pronounced  using  the  6.4  cm 
lens.  The  results  for  the  $=90°  orientation  were  similar. 
Throughout  this  experiment  the  position  of  the  focal  plane 


Fig.  IV. 8.  Effects  of  focal  position  on  material  removal 
rates.  12.7  cm  lens. 
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Fig.  IV. 9.  Effects  of  focal  position  on  material  removal 
rates.  6.35  cm  lens. 


was  repeatedly  verified  using  a  slit  scanning  technique 
described  in  Sec.  II. D. 

Examination  of  the  results  for  the  6.4  cm  focal 
length  lens  reveals  an  unexpected  behavior;  namely,  more 
material  is  removed  when  the  focal  plane  is  a  critical 
distance  above  the  sample  than  when  it  is  located  at  the 
surface  on  the  sample  (see  Fig.  IV. 9) .  Approximately  11% 
more  material  was  removed  when  the  focal  plane  was  raised 
0.05  cm.  This  result  implies  that  more  laser  beam  power 
is  absorbed  when  the  focus  is  above  the  S£unple  surface. 

A  comparison  of  cross  sections  produced  by  the  635  cm 
focal  length  lens  for  various  locations  of  the  focal  plane 
shows  that  when  the  focus  is  above  the  surface  and  in  the 
region  where  material  removal  rate  is  highest,  the  width 
of  the  groove  at  the  top  surface  is  narrower  and  the  wall 
steeper  than  when  the  focus  is  at  the  surface.  This  shape 
is  observed  in  both  orientations  and  is  quite  different 
from  the  wide  shallow  groove  shapes  seen  when  the  focus  is 
an  equal  distance  below  the  surface  (see  Figs.  IV. 10  and 
IV. 11) . 


C.  Discussion 


For  a  completely  efficient  process  of  material  remo¬ 
val  due  to  laser  heating,  where  all  the  incident  power  is 
utilized  for  vaporization,  the  material  removal  rate  should 
depend  only  on  incident  power.  To  remove  a  volume  of 
material  from  the  workpiece,  the  temperature  of  the  surface 
must  be  raised  beyond  a  critical  temperature  where  the 
kinetics  of  the  vaporization  reaction  become  rapid  enough 
so  that  the  rate  of  vaporization  is  limited  by  the  incident 
power.  For  a  fixed  vol\ame  of  material  the  amount  of  energy 
that  is  required  to  heat  the  volume  to  the  critical  temp¬ 
erature  plus  the  heat  to  vaporize  is  also  fixed.  Thus  for 
constant  incident  power,  a  constant  material  removal  rate 
independent  of  sample  speed  would  be  predicted. 

The  results  presented  in  Figs.  IV. 1,  IV. 2,  and  IV, 3 
indicate  that  the  material  removal  process  is  not  com¬ 
pletely  efficient  and  must  involve  losses.  The  losses  will 
be  classified  as  either  reflective  or  conductive.  The 
factors  affecting  reflective  losses  include:  the  optical 
properties  of  the  material,  beam  polarization,  groove 
shape  and  size,  ejecta,  and  plasma  interaction.  Factors 
affecting  conductive  losses  include  thermal  properties, 
scan  speed,  and  groove  shape  and  size. 

Section  IV.C.l  shows  how  these  losses  can  be  included 
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in  a  straightforward  energy  balance  model  to  understand 
the  dependence  of  Z  on  power,  4  orientation,  and  scan 
speed.  In  Sec.  IV. C. 2  the  vaporization  reaction  is  iden¬ 
tified.  In  Sec.  IV. C. 3  the  energy  required  to  heat  and 
vaporize  the  material  is  calculated,  and  an  estimate  of 
the  minimxira  fraction  of  incident  energy  absorbed  is  made. 
This  analysis  suggests  that  the  fraction  absorbed  is 
greater  than  would  be  expected  from  normal  infrared  absorp¬ 
tion  mechanisms.  In  Sec.  IV. C. 4,  possible  explanations 
for  the  high  values  of  a  are  discussed  such  as  the  presence 
of  an  absorption  enhancing  silicon  film  layer,  the  occur¬ 
ence  of  temperature  dependent  Reststrahl  bands  and  plasma 
effects. 

C.l  Factors  Affecting  Material  Removal  Rates 

Referring  to  ?igs.  IV. 2  and  IV. 3  it  can  be  seen  that 
at  high  scan  speeds,'  the  material  removal  rate  decreases 
gradually,  with  increasing  speed.  This  decrease  can  be 
explained  on  the  basis  of  the  total  energy  deposited  per 
unit  area  which  decreases  with  increasing  speed.  If  one 
translates  the  sample  fast  enough,  the  irradiated  volume 
near  the  surface  will  not  absorb  enough  energy  to  raise 
its  temperature  to  the  point  where  the  vaporization  reac¬ 
tion  is  rapid  enough  for  appreciable  material  to  be  re¬ 
moved. 

The  reduction  in  material  removal  rate  with 
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decreasing  speed  in  Figs.  IV. 2  and  IV. 3  is  thought  to  be 
the  result  of  two  factors.  The  first  factor  consists  of 
the  blocking  of  incoming  light  by  ejecta.  As  the  groove 
becomes  deeper  at  lower  velocities.  Si  droplets  that  are 
formed  near  the  bottom  of  the  groove  are  blown  up  into  the 
incoming  beam  preventing  the  beam's  energy  from  reaching 
the  bottom  of  the  groove.  The  deeper  the  groove  the 
longer  will  be  the  path  through  the  ejected  material  that 
the  incoming  beam  must  penetrate.  Consequently,  less 
energy  is  absorbed  by  the  sample  resulting  in  a  lower 
material  removal  rate.  The  second  factor  is  conductive 
loss.  As  already  discussed,  the  removal  of  material  re¬ 
quires  that  the  temperature  be  raised  to  a  critical  value. 
But,  since  the  material  to  be  removed  is  in  thermal  con¬ 
tact  with  its  surroundings  the  temperature  of  the  whole 
region  is  raised  by  thermal  conduction.  If  the  sample  is 
slowly  translated  there  is  more  time  for  the  energy  to  be 
conducted  away  from  the  volume  being  irradiated  and  be¬ 
cause  of  this  loss  an  increase  in  incident  energy  is 
needed  to  remove  the  same  amount  of  material. 

The  lowest  power  level  group,  314  W,  shows  the  least 
effect  of  reducing  velocity  on  material  removal  rate  pro¬ 
bably  due  to  the  smaller  groove  cross  sections  for  this 
group.  Nevertheless,  if  the  sample  is  translated  slowly 
enough  (<4  cm  sec”^)  to  obtain  very  deep  grooves,  one 
would  still  expect  a  drop  in  material  removal  rate  similar 


to  those  seen  in  the  higher  power  scans. 

The  behavior  shown  in  Fig.  IV. 1  is  more  complicated 
and  probably  involves  several  additional  factors  that  in¬ 
fluence  energy  loss.  One  important  factor  determining 
the  dependence  of  Z  on  $  at  low  speed  is  the  geometry  of 
the  groove.  As  the  speed  is  lowered,  the  cross  sectional 
area  of  the  grooves  must  become  larger  to  maintain  the 
same  material  removal  rate.  As  shown  in  Figs.  IV. 4  and 
IV. 5,  the  grooves  tend  to  become  deeper  rather  than  wider 
because  the  width  is  restricted  by  the  diameter  of  the 
focussed  laser  beam  with  the  4=0°  grooves  being  much  deeper 
and  narrower  than  the  4=90°  grooves.  With  this  deepening, 
one  would  expect  the  incident  light  to  be  more  effectively 
trapped  in  the  groove.  This  mechanism  would  tend  to  in¬ 
crease  material  removal  rate  and  may  be  responsible  for  the 
higher  material  removal  rates  of  grooves  with  a  very  deep 
narrow  cross  section  (4=0°)  compared  to  those  with  a  wide 
shallow  cross  section  (4=90°). 

The  larger  material  removal  rates  associated  with 
the  deeper  grooves.  Fig.  IV. 1,  could  also  be  due  to  polari¬ 
zation.  As  previously  described  for  orientations  near 
4=0°  the  beam  is  reflected  off  the  side  walls  and  absorbed 
by  the  front  wall  as  the  groove  is  being  machined.  On 
the  other  hand,  for  orientations  near  4=90°  the  laser 
beam  is  reflected  off  the  front  surface.  The  front  sur¬ 
face  reflection  causes  the  beeun  to  be  guided  down  and  back 


into  the  already  machined  groove  so  that  it  is  deposited 
over  a  larger  area  away  from  the  region  of  material  removal 
and  therefore  is  not  as  effective  in  causing  vaporization. 

Because  of  the  relatively  wide  range  of  velocities 
over  which  material  rates  are  near  a  maximum  value,  see 
Sec.  IV.B.l,  it  is  possible  to  vary  the  shape  and  depth  of 
the  groove  as  shown  in  Figs.  IV. 4  and  IV. 5  without  appre¬ 
ciably  affecting  the  material  removal  rate.  This  behavior 
would  allow  greater  flexibility  when  applying  the  laser 
machining  process  in  typical  Si^N^  applications. 

C.2  Mechanism  of  Reaction 

The  observation  that  the  material  removal  rate  is 
the  same  in  He,  Oj#  and  N2  (see  Sec.  IV. B. 2)  suggests  that 
decompostion  is  responsible  for  the  removal  of  material. 

A  review  of  the  high  temperature  thermodynamics  of  the 
silicon  nitride  system  indicates  that  at  temperatures  above 
1413°C,  the  decomposition  reaction  is 

Si3N4  -►  3Si  (1)  +  2N2  (g)  (IV.  1) 

while  below  1413°C  the  following  reaction  applies^®”^^ 

Si3N^ -►  3Si(s)  +  2N2(g)  (IV. 2) 

Equation  (IV. 2)  is  not  expected  to  play  a  significant 
role  in  the  removal  of  material  in  laser  machining  due  to 
the  low  equilibrium  pressure  of  nitrogen  over  the 


temperature  range  of  the  reaction  and  the  difficulty  of 


transporting  N2  through  the  solid  reaction  layer.  For 

example  at  1413°C  Pehlke  and  Elliott  found  the  equilibrium 
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pressure  of  N2  to  be  only  0.001  atmospheres. 

The  thermodynamic  data  for  Eq.  (IV. 1)  is  summarized 
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in  the  1979  JANAF  Ta±)les.  The  temperature  of  decomposi¬ 
tion,  which  is  defined  and  calculated  as  the  point  at 
which  the  decomposition  pressure  of  nitrogen  reaches  1 
atmosphere,  is  1878°C.  Below  this  temperature,  a  thin 
layer  of  liquid  silicon  forms  but  the  reaction  is  sup¬ 
pressed  by  this  layer  which  acts  as  a  diffusion  barrier. 

At  temperatures  greater  than  1878°C,  the  production  of 
subsurface  nitrogen  at  a  pressure  greater  than  1  atmosphere 
causes  the  liquid  Si  layer  to  be  blown  off.  The  upper 
temperature  limit  for  Eq.  (IV. 1)  is  the  boiling  point  of 
liquid  silicon,  which  is  3241°C.  Beyond  that  temperature 
sublimation  will  occur. 

C.3  Energy  Balance 

With  the  vaporization  reaction  known  one  is  then 
edsle  to  calculate  the  energy  required  to  heat  and  decompose 
the  material  contained  within  the  grooves.  This  informa¬ 
tion  can  be  used  to  estimate  a  minimum  value  for  the  frac¬ 
tion  in  incident  power  absorbed  a  for  the  experimental 
parameters  used  in  this  experiment.  The  total  energy 
required  to  decompose  Si;iN.  initially  at  room  temperature 


is  given  by  the  sum  of  the  energy  needed  to  raise  the 
sample  from  room  temperature  to  the  critical  temperature 
1878°C,  and  the  energy  required  to  decompose  the  material 
at  1878°C.  The  value  of  can  be  found  using  the  follow¬ 
ing  equation: 


Hjj  =  CpT  +  H 


(IV. 3) 


where 


Cp=  volumetric  specific  heat 
H=  heat  of  reaction 
T=  temperature  increase 


3.72  J  cm"^  C"^ 
2.00x10^  J  cm"^ 
1853°C 


Substitution  of  these  values  into  the  equation  for 

4  -3 

Hp  indicates  that  2.7x10  J  cm  is  required  to  both  heat 
and  then  decompose  the  Si^N^  initially  at  room  temperature, 
Using  this  value  for  the  total  energy  times  the  material 
removal  rates  for  the  various  input  powers  from  Figs.  IV. 2 
and  IV. 3  one  can  then  calculate  the  minimum  power  needed 
to  remove  the  material.  A  material  removal  rate  of 
1.8x10”^  cm  sec  ^  for  the  314  W  scan  leads  to  a  minimum 
power  of  48,6  W  which  is  required  to  create  the  groove. 
Similarly,  the  560  W  and  942  W  scans  need  a  minimum  power 
of  138  W  and  261  W  respectively.  The  material  removal 
rates  used  to  calculate  these  minimum  powers  corresponds 
to  the  70  cm  sec  ^  scans  of  Figs.  IV, 2  and  IV. 3  and  were 
chosen  because  they  are  near  or  at  the  maximum  material 
removal  rate  at  all  power  levels.  From  the  calculated 
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minimum  powers  the  minimum  absorption  can  then  be  found  by 
dividing  the  minimum  powers  to  create  the  groove  by  their 
respective  input  powers.  The  absorption  for  the  314  W 
scans  is  48.6/314  or  a-0.155.  Similar  calculations  give 
an  a  equal  to  0.246  for  the  560  W  scans  and  0.277  for  the 
942  W  scan. 

To  further  refine  the  value  of  the  absorption  ob¬ 
tained  above  one  can  make  an  estimate  of  the  conductive 
losses  incurred  because  the  volume  being  removed  is  in 
thermal  contact  with  its  surroundings.  An  estimate  of  the 
conductive  losses  requires  knowledge  of  the  temperature 
distribution  within  the  irradiated  sample.  There  have  been 
several  analyses  published  on  the  temperature  distribution 
produced  by  a  laser  beam  scanning  a  surface  at  constant 
velocity. For  this  work  the  solution  of  Cline  and 
Anthony  was  utilized. Cline  and  Anthony  give  an  integral 
solution  for  the  three  dimensional  temperature  distribution 
produced  by  a  Gaussian  heat  source  scanning  a  semi-infinite 
half  plane.  As  in  most  thermal  analyses,  Cline  and  Anthony 
assume  constant  thermal  properties  as  well  as  constant 
optical  absorption  values  and  do  not  take  into  account  the 
heats  of  melting  or  vaporization.  Even  with  this  draw¬ 
back  a  reasonable  lower  bound  can  be  set  for  the  conduc¬ 
tive  losses. 

The  coordinate  system  used  by  Cline  and  Anthony  is 
fixed  with  respect  to  the  material:  the  laser  beam 


impinges  on  the  surface  z=0  at  time  t=0  and  moves  in  the 
x-direction  at  a  velocity  v.  Cline  and  Anthony  describe 
the  temperature  distribution  at  a  point  x,y,z  produced  by 
a  beam  scanning  the  surfaces  at  a  speed  v  by  the  equation: 

Pa 

T(x,y,z,v)  f(X,Y,Z,V) 

P 

where  P^=  absorbed  power 

Cp=  volumetric. specific  heat 

D=  thermal  diffusivity 

R=  focussed  beam  radius 

f=  dimensionless  temperature 
Rv  . 

V=  g-  dimensionless  velocity 

and 


The  dimensionless  temperature  is  obtained  from  the  integral 


f  = 


0 


exp(-F) 

(27r^)**(l+y^) 


dy 


where 


F  = 


2(l+y^) 


and 


2y‘ 


2  2Dt  • 


In  order  to  predict  the  temperature  distribution,  values 
for  Cp  and  D  are  required.  The  thermodynamic  values  used 
were  the  integrated  averages  of  published  data  from 


102 


,  *  •»  #  ^ 


25  to  1878°C.  This  required  the  extrapolation  of  some 

data  to  1878°C.  The  values  obtained  and  used  were 

C  =3.72  J  cm”^  °C“^  and  D=0.058  cm^  sec"^  (see  Sec.  II. C). 

P 

The  Cline  and  Anthony  distribution  predicts  that  the 

‘  maximvun  temperature  at  any  point  within  the  substrate  will 

» 

be  on  the  surface  (2=0)  along  the  line  of  translation 
(y=0)  and  just  behind  the  center  of  the  beam  (x=Xj, )  .  The 
value  of  Xj^  is  determined  by  Cp,  D,  R,  and  v  for  the  scan 
speed  of  70  cm  sec”^,  x^^  is  equal  to  -0.00575  cm.  The 
value  of  the  temperature  at  this  position  then  becomes  a 
linear  function  of  the  absorbed  power  with  all  other  para¬ 
meters  fixed.  Cline  and  Anthony's  equations  predict  that 
to  raise  the  temperature  of  the  material  at  x^^  to  the  cri- 
^  tical  temperature  1878°C  requires  that  52  W  of  power  be 
absorbed,  illustrated  in  Figs.  IV. 12  and  IV. 13. 

The  above  analysis  indicates  that  when  using  a  sample 
scan  speed  of  70  cm  sec  ^  a  minimum  of  52  W  are  needed  to 
heat  a  groove  of  zero  cross  section  to  the  critical  temp¬ 
erature.  Therefore,  52  W  can  be  regarded  as  a  lower  bound 
for  the  power  required  to  heat  the  material  contained 
within  any  70  cm  sec  ^  groove  independent  of  groove  size. 
When  this  new  value  for  heating,  52  W,  is  combined  with 
the  power  needed  to  decompose  a  groove  of  specific  size, 
given  by  HZ,  one  can  obtain  a  lower  bound  for  power  ab¬ 
sorbed  by  the  sample  to  remove  material.  When  this  value 
is  divided  by  the  incident  power  a  lower  bound  for  the 
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fraction  of  incident  power  absorbed  a  can  then  be  cal¬ 
culated.  For  the  314  W,  70  cm  sec”^  scans  the  material 
removal  rate  is  1.8x10”^  cm^  sec*”^  which  leads  to  an  a  of: 

a=(52W+(2xlO^  J  cm”^)  (1.8x10"^  cm^  s"^))/ 314w"^=0. 28 
This  is  nearly  twice  the  minimum  absorption  (a=0.16)  cal¬ 
culated  when  using  the  Eq.  (IV. 3)  approach. 

For  the  560  W  scan  the  use  of  the  Cline  and  Anthony 
derived  lower  bound  leads  to  only  a  minor  increase  in  a 
from  0.25  to  0.28.  This  is  due  to  the  large  value  of 
Z  associated  with  the  560  W  scan.  For  a  Z  equal  to 
7.4xl0”^  cm^  sec”^  both  approaches,  Eq.  (IV. 3)  and  the 
Cline  and  Anthony  derived  lower  bound  and  would  give  the 
same  values  for  a.  Finally  for  larger  Z  the  Eq.  (IV. 3) 
approach  would  give  the  best  lower  bound  for  a,  i.e., 
a=0.28  for  the  942  W  scan. 

This  estimate  of  a=0.28  represents  only  a  minimum 
absorption  due  to  the  decompostion  reaction  and  a  minimum 
estimate  of  conductive  losses.  One  would  expect  that  the 
losses  due  to  conduction  would  become  larger  as  the  groove 
cross  section  increases  with  higher  incident  powers.  Fur¬ 
thermore,  the  actual  absorption  could  be  higher  due  to 
radiative  and  conductive  losses  to  the  atmosphere,  although 
previous  calculations  have  shown  that  these  effects  tend 
to  be  small. 


C.4  Mechanism  of  Absorption 

The  value  of  0.28  for  the  absorption  is  much  larger 
than  one  would  expect  from  the  optical  properties  of  Si^N^ 
as  measured  and  calculated.  As  previously  stated  in  Sec. 
III.C.2  the  complex  index  of  refraction  was  calculated  to 
be  N-1. S-t-iS. 95  at  XslO.6  ym.  This  value  of  M  leads  to  a 
normal  incidence  absorption  of  0.11.  The  difference  in 
absorption  between  the  0.11  value  predicted  by  the  optical 
properties  and  the  apparent  minimiim  value  of  0.28  seen  in 
the  actual  runs  could  be  due  to  several  mechanisms  inclu¬ 
ding  light  trapping,  silicon  film  layer,  Reststrahl  bands, 
and  plasma  effects.  These  absorption  enhancing  mechanisms 
are  discussed  in  the  following  sections. 

Light  Trapping 

As  previously  stated,  groove  geometry  can  effect 
absorption  by  trapping  incident  light.  But  because  the 
increased  absorption  was  observed  at  314  W,  of  the 
70  cm  sec  ^  scans,  where  grooves  produced  are  very  shallow, 
light  trapping  would  not  be  likely. 

Silicon  Film 

One  explanation  for  an  increase  in  absorption  is 
that  a  silicon  byproduct  of  the  decomposition  reaction 
forms  on  the  surface.  Droplets  of  this  substance  were  seen 
on  the  laser  machined  grooves.  The  silicon  would  have  a 
different  optical  absorption  than  Si^N^  at  10.6  ym. 
Published  data  on  silicon  give  the  index  as  ns3.42  at 
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XslO.6  pm  which  leads  to  an  absorption  of  0.28. 
value  is  equal  to  the  minimum  absorption  of  the  sample 
previously  calculated.  But  one  would  expect  the  contri¬ 
bution  due  to  the  silicon  to  have  effect  only  after  the 
threshold  of  the  reaction  that  produces  silicon  is  reached. 
Depending  on  the  environment  the  threshold  is  in  the  1413 
to  1873°C  range.  Up  to  this  temperature  range  a*0.11  for 
pure  SijN^  should  apply.  Cline  and  Anthony’s  equation 
indicates  that  it  would  require  354  W  of  incident  power 
with  an  absorption  rate  of  0.11  to  reach  the  bottom  temp¬ 
erature  range  for  the  production  of  silicon.  Therefore 
the  increase  in  absorption  due  to  the  silicon  cannot  be 
completely  responsible  for  the  high  absorption  levels  at 
the  lowest  powers  of  the  70  cm  sec”^  scans. 

Reststrahl  Bands 

The  apparent  increase  in  the  absorption  can  also  be 
related  to  the  unique  optical  behavior  of  Si^N^  near 
10.6  pm.  As  previously  reported  in  Sec.  III.B.5  a  re¬ 
flectance  versus  wavelength  measurement  indicated  that  the 
SijN^  sample  exhibits  a  Reststrahl  or  infrared  lattice 
band  centered  at  X=10.6  pm.  Due  to  phonon-photon  coupling, 
incident  electromagnetic  waves  with  wavelengths  lying  in 
the  Reststrahl  band  will  not  propagate  but  are  reflected 
at  the  boundary  of  the  medium.  It  has  been  experimentally 
determined  that  the  Reststrahl  bands  are  affected  by 
temperature.  It  is  this  functional  dependence  that  is 
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possibly  responsible  for  the  increase  in  absorption  of 
the  ^^3^^  sample.  The  Reststrahl  bands  are  known  to 
respond  in  two  ways  to  a  temperature  rise.  The  first  in¬ 
volves  the  lowering  of  the  peak  and  the  second  relates  to 
an  overall  shift  relative  to  the  wavelength.  Typical 
examples  of  this  behavior  of  NaCl  are  shown  in  Fig.  IV. 14. 
Both  these  effects  would  increase  the  absorption  of  Si^N^ 
at  X»10.6  pm. 

The  reduction  in  the  peak  reflectivity  with  increased 

temperature  is  attributed  to  the  increased  coupling  and 

diffusion  of  the  resonant  lattice  wave  into  numerous  other 

secondary  lattice  vibrations.  Although  most  previous 
55-57 

investigations  of  the  effects  of  temperature  on 

Reststrahl  bands  generally  have  been  confined  to  cubic 
ionic  crystals  rather  than  covalently  bonded  hexagonal 
structures  like  Si^N^,  they  can  serve  as  indicators  of 
the  changes  in  Reststrahl  band  absorption  with  temperature 
that  might  be  expected  for  the  Si^N^  material.  For  NaCl, 
Hass^^  showed  the  effects  of  temperature  on  the  magnitude 
of  the  maximum  reflection.  At  room  temperature,  the 
absorption  was  found  to  be  0.11.  With  an  increase  in 
temperature  of  only  340°C  the  absorption  increased  to 
0.30,  finally  increasing  to  0.48  with  a  sample  temperature 
of  710°C.  If  this  reduction  in  reflectivity  also  occurs 
in  SijN^  the  lowering  of  the  Reststrahl  band  effect  would 
be  large  enough  to  account  for  the  increase  in  absorption. 


In  addition  to  the  lowering  of  the  peak  there  is  also 
another  mechanism  associated  with  the  Reststrahl  band  that 
can  add  to  an  increase  in  absorption.  As  the  temperature 
of  the  seunple  is  increased  there  is  a  shift  in  the  central 
frequency  of  the  Reststrahl  band  towards  the  longer  wave¬ 
lengths.  This  shift  is  due  to  a  change  in  force  constants 
arising  from  the  anharmonicity  of  the  crystal  bonding. 

For  a  fixed  incident  wavelength  any  shift  in  the  band  will 
cause  the  reflectivity  .to  either  rise  or  fall  depending 
on  the  location  of  the  incident  wavelength  relative  to  the 
band.  In  this  experiment  the  incident  wavelength  is 
centered  on  the  band  at  room  temperature  and  any  shift  in 
the  band  due  to  a  temperature  increase  will  cause  a  decline 
in  reflectivity. 

Although  the  magnitude  of  the  shift  versus  temper¬ 
ature  is  not  known  for  Si^N^,  based  on  work  on  other 
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materials  as  a  guideline  and  assuming  Si^N^  behaves 

in  the  Scune  manner  it  is  estimated  that  an  increase  in 
temperature  from  25  to  948°C  could  cause  an  increase  in 
absorption  from  the  room  temperature  value  of  0.11  to 
0.24.  This  increase  in  absorption  does  not  take  into 
account  a  broadening  of  the  band  with  increased  temperature 
which  has  been  observed  in  many  investigations. 

This  broadening  effect  would  tend  to  reduce  the  increase 
in  absorption  due  to  the  shift. 

Both  the  reduction  in  peak  reflectivity  and  the 
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resonate  shift  occur  at  the  same  time  and  their  absorption 
increase  would  be  additive,  and  could  easily  account  for 
the  apparent  absorption  of  0.28  seen  in  the  laser  machining 
experiment.  It  should  be  noted  that  both  effects  described 
ignore  the  fact  that  the  reflectance  versus  wavelength 
curve  for  Si^N^  has  two  closely  spaced  bands.  However, 
this  type  of  behavior  is  not  uncommon  and  should  not  affect 
the  general  behavior  of  the  curve  with  temperature. 

Plasma 

The  previously  mentioned  factors,  which  involve  the 
lowering  and  shifting  of  the  Reststrahl  bands  resulting 
in  an  increase  in  absorption  by  effecting  simple  infrared 
absorption  mechanisms,  may  not  be  the  only  mechanisms 
responsible  for  the  increased  absorption.  The  results 
presented  in  Sec.  IV. B. 3  give  some  indirect  evidence 
that  the  increased  energy  absorption  may  be  due  to  plasma 
enhancement.  The  plasma  more  effectively  absorbs  the 

incident  energy  and  then  transfers  its  energy  to  the 
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sample . 

One  would  expect  the  material  removal  rate  versus 
focal  distance  curve  to  be  symmetric  around  the  0.00  cm 
position  in  Figs.  IV. 8  and  IV. 9.  The  incidence  energy 
distribution  is  equal  at  the  surface  for  two  focal  po¬ 
sitions  that  are  an  equal  distance  from  the  0.00  cm 
position.  The  angle  of  incidence  of  the  incoming  beam 
will  be  different  for  the  two  positions  but  the  maximum 


difference  is  calculated  to  be  only  15.25°  for  the 
6.35  cm  lens.  Because  the  incidence  angles  are  near 
normal  and  the  effect  of  uneven  material  removal  rates 
were  seen  in  both  orientations  4=0°  and  90°,  the  asym¬ 
metric  behavior  shown  in  Figs.  IV. 8  and  IV. 9  is  probably 
not  related  to  either  polarization  or  light  trapping. 

Although  the  intensity  is  equal  at  the  surface  for 
the  two  focal  positions  that  are  at  an  equal  distance  from 
the  0.00  cm  position  the  intensity  above  the  surface  is 
not.  When  the  focal  plane  is  above  the  surface,  any  plasma 
that  is  produced  at  the  surface  rises  into  the  region  of 
the  focus  and  therefore  a  higher  intensity  region.  In 
this  position  the  plasma  can  absorb  a  large  part  of  the 
energy.  When  the  focus  is  below  the  surface  the  same 
plasma  produced  at  the  surface  rises  into  an  ever  increas¬ 
ing  intensity  region.  Because  of  the  higher  material 
removal  rates  for  the  former  case  there  is  a  strong  sug¬ 
gestion  that  plasma  waves  (LSC)  are  being  produced  in 
the  higher  intensity  region  above  the  surface.  Normally, 
an  intensity  on  the  order  of  10  w/cm  is  required  for 
breakdown  of  clear  air  by  a  CO2  (X=10.6  ym)  laser  pulse 
but  breakdown  at  a  solid  surface  can  be  achieved  with 


much  lower  peak  fluxes,  e.g.,  on  the  order  of 
10  kw  cm”^.^®'®° 


Although  it  appears  that  the  asymmetric  behavior 
related  to  plasma  enhancement  is  greatly  reduced  for  the 


12.7  cm  focal  lens  curves,  this  is  not  totally  unexpected 

because  the  magnitude  of  intensity  at  focus  is  four  times 

larger  for  the  6.35  cm  length  than  the  12.7  cm  lens.  And, 

it  has  been  shown  that  the  thermal  coupling  coefficient 
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a'  increases  as  the  incident  laser  flux  is  increased. 

There  is  a  point  where  the  thermal  coupling  coefficient 
will  begin  to  fall  off  with  further  increases  in  incident 
laser  flux.  This  is  the  threshold  for  laser-supported 
detonation  (LSD)  plasma  wave  ignition.  The  decrease  in 
a'  is  attributed  to  an  increase  in  the  plasma  front  pro¬ 
pagation  velocity  with  intensity.  The  intensities  in 
this  experiment  are  thought  not  to  be  sufficient  to  reach 
the  threshold  for  LSD  because  one  would  expect  a  discon¬ 
tinuity  in  the  curves  of  Fig.  IV. 9,  If  the  incident 
intensity  were  above  the  LSD  threshold  at  focus  the  de- 
focusing  would  lower  the  intensity  to  the  LSC  region  at 
some  point  causing  a  change  in  slope  of  o'  versus  inci¬ 
dent  intensity.  No  such  point  is  apparent  in  the  curves 
of  Fig.  IV. 9.  Therefore  the  intensities  used  in  this 
experiment  are  felt  to  be  lower  than  the  laser  supported 
detonation  wave  threshold. 

It  has  been  previously  shown  in  metal  targets  that 
under  specific  conditions  of  LSC  plasma  production  3  to  10 
times  as  much  thermal  energy  can  be  deposited  in  the 
sample  as  would  be  deposited  by  normal  infrared  absorp¬ 
tion.®^  The  physical  mechanism  of  this  increased 


absorption  has  not  yet  been  established.  Two  possible 
mechanisms  have  been  considered.  The  first  involves 
thermal  conduction  from  the  laser-heated  plasma;  the 
second,  the  absorption  of  thermal  radiation  in  the  ultra¬ 
violet  region  emitted  by  the  hot  plasma.  These  are  based 
on  the  experimentally  observed  behavior  of  continued 
heating  of  the  sample  for  a  few  microseconds  after  the  end 
of  the  laser  pulse  and  heating  of  the  sample  beyond  the 
area  of  the  focussed  laser  beam.  Most  investigations  of 
thermal  coupling  and  plasma  properties  involve  the  use  of 
a  pulsed  laser  while  the  situation  currently  being  con¬ 
sidered  involves  CW  laser  irradiation.  Correlating  the 
results  is  very  difficult  because  the  operating  charac¬ 
teristics  of  the  lasers  and  target  materials  involved  are 
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frequently  very  different.  The  work  of  McKay  et  al. 
using  an  Al  target  showed  that  target  heating  by  thermal 
radiation  alone  appeared  to  be  insufficient  to  explain 
the  enhanced  absorption  observed  and  they  concluded  that 
thermal  conduction  must  contribute  significantly  to  target 
heating. 

There  is  no  simple  way  of  knowing  the  relative 
magnitude  that  each  absorption  enhancement  mechanism  plays 
in  the  laser  machining  of  Si^N^.  Light  trapping  probably 
does  not  play  a  role  in  the  lower  power  scans  but  can  be¬ 
come  effective  for  the  deeper  grooves  of  the  higher  pow¬ 
ers.  The  silicon  film  would  increase  the  absorption  for 


all  situations  where  grooves  are  created  but  it  does  not 
account  for  the  increase  in  a  that  must  take  place  before 
the  creation  of  any  silicon  layer  at  the  lowest  power. 

Of  all  the  mechanisms  proposed  only  the  lowering  and  or 
shifting  of  the  Reststrahl  bands  can  account  for  an  in¬ 
crease  in  absorption  before  any  groove  is  created  and 
therefore  the  Reststrahl  band  must  be  important  to  the 
overall  absorption  enhancement.  Finally  increases  due  to 
a  plasma  process  again  can  only  occur  after  the  creation 
of  the  groove  as  proceeded.  But  the  increase  in  material 
removal  rate  when  the  focus  is  above  the  surface  for  the 
6.35  cm  lens  curve.  Fig.  IV. 9,  indicates  that  the  absorp¬ 
tion  enhancement  due  to  plasma  processes  is  probably  also 
very  important . 


V.  OVERLAPPED  GROOVE  FORMATION  STUDY 

A.  Introduction 

This  chapter  deals  with  the  overlapping  of  laser 

vaporized  grooves  leading  to  shaping.  A  model  has  been 

previously  developed  that  predicts  the  surface  roughness 

R  and  the  material  removal  rate  Z  for  surfaces  produced 
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by  overlapping  laser  vaporized  grooves.  According  to 
this  model,  which  considers  the  effects  of  varying  inci¬ 
dent  power,  scan  speed  and  groove  spacing  (feed) ,  both  Z 
and  R  decrease  as  the  groove  spacing  decreases.  Subse¬ 
quently,  it  was  found  that  although  the  predicted  behavior 
occurs  over  a  wide  range  of  groove  spacings  at  very  small 
groove  spacings,  the  opposite  behavior  occurs.  This  in¬ 
vestigation  was  undertaken  to  determine  the  origin  of 
this  unpredicted  behavior. 

The  previous  analysis  assumed  that  the  shape  of  a 
single  pass  groove  cut  by  the  laser  would  be  repeated 
during  multiple  overlapping  even  though  the  laser  is  re¬ 
moving  material  at  the  edge  of  a  previously  machined 
groove  rather  than  from  a  flat  surface.  In  this  investi¬ 
gation,  it  was  found  that  under  certain  situations  the 
shape  of  the  overlapping  groove  differs  significantly  from 
that  of  the  single  pass  groove.  Based  on  this  result. 


'more  accurate  methods  of  predicting  Z  and  R  are  presented. 

In  the  previous  work,  the  effect  of  laser  machining 
.  on  mechanical  properties  was  not  determined.  Because 
:  Si^N^  lacks  fracture  toughness,  Kjj,=3.25  to  4,8  MN 
I  its  strength  is  highly  dependent  of  the  presence  of  flaws 
!  or  stress  raisers.  It  was  expected  that  laser  machining 
1  would  decrease  strength  because  by  its  very  nature  laser 
j  machining  produces  well  defined  overlapped  grooves  that 
i  can  act  as  stress  raisers.  Also,  microcracks  may  be  pro-  j 
■  duced  as  a  result  of  laser  induced  thermal  stresses.  To 

1  i 

investigate  these  effects,  4-point  bend  specimens  were  i 
tested  with  laser  machined  surfaces.  The  results  indicated 
an  overall  reduction  in  the  modulus  of  rupture  accompanied 
by  a  greatly  reduced  scatter. 

I 

The  selection  of  laser  machining  to  shape  Si^N^ 
involves  economic  considerations.  These  considerations  are 
discussed  and  it  is  concluded  that  laser  machining  is  a 
technologically  feasible  method  for  the  shaping  of  Si^N^ . 


B.  Results 


B.l  Beam  Guiding  -  Surface  Roughness 

An  investigation  was  undertaken  to  study  the  origin 
of  the  increase  in  roughness  with  a  decreasing  feed  ob¬ 
served  at  small  feeds.  A  number  of  specimens  were  machined 
with  a  laser  using  a  series  of  different  feeds.  One  inci¬ 
dent  power  level,  560  W,  and  several  different  single 
groove  scan  speeds  ranging  from  9.1  to  238  cm  sec”^  were 
employed.  The  investigation  was  carried  out  for  two  scan 
orientations,  and  90°  where  $  is  the  angle  between 

the  electric  vector  in  the  focused  laser  beam  and  the 
velocity  vector  of  sample  translation.  It  has  been  shown 
in  Chap.  Ill  that  the  two  orientations  produce  distinctly 

j 

different  single  pass  groove  cross  sections  because  of 
polarization  effects. 

For  all  parameters  of  the  experimental  matrix  three 
types  of  surfaces  were  produced:  surfaces  with  single 
pass  grooves,  surfaces  with  two  overlapping  grooves,  and 
surfaces  with  multiple  overlapping  grooves.  The  largest 
feed  investigated  corresponded  to  the  situation  where 
adjacent  grooves  did  not  show  the  effect  of  interaction. 

For  feeds  where  interaction  did  occur  both  the  two  pass 
and  multiple  overlapping  grooves  were  distorted  due  to 


beam  guiding. 

A  typical  example  of  this  type  of  distortion  is  shovm 
in  Fig.  V.l.  Figure  V.l(a)  shows  a  symmetric  single  pass 
:  cross  section,  while  Fig.  V.l(b)  Illustrates  the  nonsym- 
j  metric  cross  section  of  a  two  pass  groove.  Each  pass  was  : 
made  by  translating  the  specimen  in  the  same  direction  and  ' 
employing  the  same  speed  and  power  as  in  Fig.  V.l (a).  The 
groove  spacing,  which  was  determined  by  the  feed  was 
0.015  cm.  This  type  of  behavior  was  seen  throughout  the  ; 

range  of  velocities  investigated  for  both  $  orientations  j 

and  plays  a  very  large  role  in  determining  the  finish  | 

attained  in  laser  machining  by  multiple  overlapping  of 

1 

grooves .  1 

I 

In  the  use  of  multiple  overlapped  grooves,  the  beam  j 
guiding  effect  creates  two  types  of  surfaces.  The  first, 

i 

) 

which  was  previously  observed,  is  characterized  by  an 

i 

increase  in  roughness  with  decreasing  feed.  The  second  is  | 
characterized  by  deep  initial  grooves  followed  by  a  region 
of  grooves  of  moderate  depth  and  then  a  region  where  the 
grooves  become  shallow  as  the  end  of  the  cut  is  approached. 
Both  these  effects  are  illustrated  in  Figs.  V.2  to  V.5, 
which  show  multiple  pass  groove  cross  sections  for  a  series 
of  feeds.  The  grooves  which  were  formed  at  a  low  speed 
(9.1  cm  sec”^)  and  the  4=90°  orientation,  are  very  repre¬ 
sentative  of  those  seen  at  higher  velocities  and  the 
4=0°  orientation. 


1 

i  Fig  V.l.  Distortion  of  cross  section  due  to  becun  guiding. 
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The  single  pass  groove  cross  section  corresponding 
to  power,  speed,  and  4>  orientation  used  in  Figs.  V.2  to 
V.5  are  shown  in  Fig.  V.l(a).  Figure  V.2  shows  the  bottom 
surface  of  a  multiple  pass  laser  machined  sample,  machined 
at  a  feed  of  0.022  cm.  At  this  feed,  a  scalloped  bottom 
surface  as  would  be  expected  from  the  repetition  of  the 
single  pass  groove  was  observed.  As  the  feed  was  reduced 
to  0.0178  cm.  Fig.  V.3,  the  scallops  seen  in  Fig.  V.2  were 
almost  completely  removed  and  the  surface  became  very 
smooth.  Further  reduction  of  the  feed  would  be  expected 
to  further  increase  the  degree  of  smoothness,  however,  this 
was  not  observed.  Once  the  feed  becomes  significantly 
smaller  than  the  width  of  a  single  pass  groove  the  beam 
guiding  effect  becomes  important.  Figure  V.4  shows  an 
example  of  increasing  surface  roughness  with  decreasing 
feed.  A  feed  reduction  from  0.0178  cm  in  Fig.  V.3  to 
0.015  cm  in  Fig.  V.4  creates  a  large  increase  in  roughness. 

In  Fig.  V.4  the  first  laser  machined  groove  is  on 
the  left.  Only  a  small  ridge  from  the  first  pass  remains. 
During  the  second  pass,  the  groove  spacing  is  sufficiently 
small  to  cause  a  large  portion  of  the  laser  beam  to  be 
guided  to  the  left  by  the  walls  of  the  first  groove  giving 
a  cross  section  similar  to  Fig.  V.l(b).  During  the  third 
pass  the  effective  groove  spacing  has  been  increased  be¬ 
cause  the  beam  was  guided  to  the  left  during  the  second 
pass.  Thus  the  third  groove  is  not  guided  by  the 


! previously  machined  surface  and  is  similar  to  a  single 
pass  groove.  The  fourth  pass  is  then  guided  similarly 
to  the  second  pass  and  the  process  repeats  giving  the 
highly  contoured  profile  cross  section  in  Fig.  V.4.  It 

) 

I  should  be  noted  that  this  gives  a  repetitive  groove  shape, 

1 

:  the  spacing  of  which  is  not  equal  to  the  feed. 

The  second  type  of  multiple  pass  surface  varies  in 

i 

depth  as  shown  in  Fig.  V.5  for  a  feed  of  0.010  cm.  This 
surface  is  very  typical  of  that  produced  by  laser  machining 
where  the  feed  is  reduced  to  the  point  that  every  groove 
after  the  first  is  always  guided  to  the  left  by  the  pre¬ 
vious  grooves.  This  creates  a  depression  of  the  type 
shown  in  Fig.  V.5.  For  very  small  feeds,  the  depression 
can  become  very  deep  relative  to  a  single  pass  groove  and 
also  can  undercut  the  wall  formed  by  the  first  pass.  Such 
undercutting  is  only  slightly  evident  in  Fig.  V.5.  As  one 
moves  to  the  right  from  the  initial  depression,  there  is 
a  region  in  which  the  depth  remains  constant.  From  this 
region  the  bottom  surface  gradually  rises.  This  gradual 
rise  occurs  over  a  distance  corresponding  to  many  passes. 
Further  information  regarding  the  occurence  of  beam  guid¬ 
ing  is  given  in  Sec.  V.B.2. 

B.2  Material  Removal  Rate 

In  addition  to  the  investigation  of  the  origin  of 
the  increased  roughness,  material  removal  rates  (Z)  were 


determined  for  the  various  groove  spacings.  The  material 
removal  rate  was  previously  calculated  for  single  pass 
grooves.  This  was  done  by  multiplying  the  area  of  the 
single  pass  groove,  as  measured  from  a  photomicrograph  with 
a  polar  planimeter  by  the  sample  translation  speed.  For 
multiple  overlapping  grooves,  the  average  material  removal 
rate  equals  the  total  area  of  material  removed  times  the 
sample  translation  speed  divided  by  the  number  of  passes. 
The  results  are  shown  in  Fig.  V.6,  where  the  material 
removal  rate  is  plotted  for  different  feeds  and  velocities 
in  the  <5=0°  orientation.  Both  4>=0°  and  90°  orientations 
gave  similar  results. 

In  Fig.  V.6  it  can  be  seen  that  laser  machining  of 
Si^N^  produces  a  constant  material  removal  rate  over  a  wide 
range  of  feeds.  It  was  found  that  this  constant  rate  was 
equal  to  the  material  removal  rate  for  a  single  pass 
groove  for  the  same  power,  scan  speed, and  ^  orientation. 

For  each  curve  corresponding  to  a  different  velocity, 
there  is  a  point  beyond  which  the  material  removal  rate 
begins  to  decrease  with  decreasing  feed.  The  feed  corres¬ 
ponding  to  the  onset  of  this  decrease  decreases  with 
increasing  velocity.  For  the  9.12  cm  sec  ^  velocity 
curve,  the  onset  is  11x10  ^  cm.  This  value  is  reduced  to 
approximately  3x10  ^  cm  for  the  238  cm  sec  ^  translation 
speed  curve.  This  decrease  in  material  removal  rate  is 
not  related  to  the  decrease  predicted  by  the  machining 
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Fig.  V. 6.  Material  removal  rate  as  a  function  of  feed 
and  velocities. 


analysis  previously  proposed  which  assximed  the  shape  of 


a  single  pass  groove  would  be  repeated  during  multiple 
overlapping  but  rather  it  is  also  a  result  of  beam  guiding. 
Because  of  the  beam  guiding  by  the  already  machined  walls, 
the  incident  energy  is  deposited  over  a  larger  area  at 
small  feeds  than  at  large  feeds  and,  therefore,  is  not  as 
effective  in  removing  material. 

A  problem  associated  with  determining  material  re¬ 
moval  rates  at  very  fine  feeds  where  the  onset  of  decreas¬ 
ing  Z  is  observed  is  the  previously  mentioned  variation  in 
groove  depth  from  the  initial  to  the  final  grooves. 
Measurement  in  the  initial  region  of  deep  grooves  would 
give  high  values  of  Z  while  measurement  near  the  shallow 
region  near  the  end  of  the  cut  would  give  low  values  of 
Z. 

The  variation  in  groove  depth  associated  with  the 
non-steady  state  regions  of  the  initial  and  final  grooves 
along  with  the  lower  material  removal  rates  makes  machining 
with  very  fine  feeds  undesirable.  Therefore,  the  values 
of  groove  overlap  where  the  onset  of  light  guiding  was 
observed  for  the  various  velocities  and  orientations  were 
determined.  The  onset  was  defined  as  either  when  the 
bottom  surface  cross  section  was  no  longer  repetitive 
corresponding  to  the  feed  or  when  the  groove  depth  varied 
from  the  initial  to  the  final  grooves.  The  arrows  in 
Fig.  V.6  indicate  the  values  of  groove  overlap  determined 


for  the  various  scan  speeds  of  the  $=0  orientation.  The 
numerical  value  of  groove  overlap  represented  by  the 
arrows  in  Fig.  V.6  is  the  average  of  adjacent  feeds  that 
do  and  do  not  exhibit  beam  guiding  behavior.  For  situa¬ 
tions  where  the  difference  between  feeds  was  larger  than 
0.05  cm  the  numerical  value  for  the  onset  was  taken  to  be 


the  value  of  the  feed  where  beam  guiding  was  first  ob¬ 
served.  For  example,  for  the  experimental  parameters  used 
in  Figs.  V.2  to  V.5  this  definition  of  the  onset  of  light 
guiding  leads  to  a  groove  overlap  of  0.0165  cm. 

Because  the  onset  of  beam  guiding  is  associated  with 
the  overlapping  of  grooves,  it  is  convenient  to  compare 
the  groove  overlap  at  onset  to  the  width  of  a  single  pass 

groove.  In  this  case  the  width  is  defined  as  the  width  of 
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the  groove  at  the  e  value  of  the  depth.  For  the  exper¬ 
imental  parameters  used  in  Figs.  V.2  to  V.5  (9.42  cm  sec  ^ 
<P=90°)  the  width  was  0.01846  cm  which  when  divided  into 
the  value  of  groove  overlap  at  the  onset  of  light  guiding 
gives  a  ratio,  6,  of  0.0894.  Similarly  6  was  determined 
for  other  velocities  and  orientations  and  is  plotted  as 
a  function  of  translation  speed  in  Fig.  V.7.  The  groove 
widths  used  to  obtain  6  are  also  given  in  Fig.  V.7  as  a 
function  of  velocity. 

In  Fig.  V.7  one  can  see  that  S  for  the  9.12  cm  sec”^ 
<J=0°  case  is  0.987  which  is  14%  higher  than  for  the  $=90° 
orientation.  This  increase  in  6  for  the  $=0°  orientation 
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Pig.  V.7.  Width  and  feed/width  at  beam  guiding  onset  as 
a  function  of  scan  speed  and  t  orientation. 


was  observed  at  all  scan  speeds  but  was  largest  at  highest 
velocities.  For  the  238  cm  sec  ^  scan,  S  was  70%  larger 
for  the  4=0°  orientation  than  for  the  4=90°  orientation. 
Another  notable  feature  in  Fig.  V.7  is  the  decrease  in  5  | 

for  both  orientations  with  increasing  scan  speed  at  high 

j 

scan  speeds,  the  value  of  5  becomes  a  constant  approaching  | 
0.5  for  4=0°  and  0.3  for  the  4=90°  orientation. 

When  not  affected  by  light  guiding  the  bottom  surface 
follows  the  conventional  behavior  of  obtaining  smoother 

surfaces  with  reduced  feed,  but  the  minimum  feed  for  laser  i 

J 

machining  is  determined  by  the  ratio  6.  Therefore,  the  j 
smallest  6  is  desirable,  which  ^  Fig.  V.7  indicates  is 

I 

associated  with  the  faster  translation  speeds.  Unfortu-  j 
nately,  the  creation  of  smoother  surfaces  with  higher  ! 

translation  speeds  is  done  at  a  cost  of  lower  material 
removal  rates.  It  has  been  previously  demonstrated  in 

I 

Sec.  IV.B.l  that  for  a  fixed  incident  power  there  is  an 
optimum  translation  speed  giving  a  maximum  material  removal 
rate.  Therefore  one  must  balance  these  two  requirements 
to  obtain  the  most  efficient  laser  machining  process.  For 
example,  the  smoothest  surface  obtained  in  this  investiga¬ 
tion  was  with  the  238  cm  sec  ^  scan  giving  a  surface 
roughness  of  2.88  ym,  see  Fig.  V.8  showing  a  surface  pro¬ 
file  trace.  This  smoothness  was  obtained  at  the  cost  of 
a  35%  reduction  in  material  removal  rate  over  the  optimum 
removal  rate  seen  at  70  cm  sec 


B.3  Additional  Features  of  Laser  Machined  Surfaces 

Another  feature  of  the  laser  machined  surface  is  a 
silicon  layer  formed  as  a  product  of  the  Si^N^  decomposi¬ 
tion  reaction.  Although  much  of  the  liquid  silicon  product 
is  blown  off  the  surface  by  gaseous  nitrogen,  which  is  also 
a  product,  some  wets  the  surface,  and  tends  to  solidify  as 
a  continuous  smooth  layer  on  the  side  of  the  groove  most 
recently  formed  by  the  laser  beam.  Figure  V.9  shows  a 
region  covered  by  the  silicon  layer  along  with  ^  rougher 
adjacent  region.  Energy  dispersive  x-ray  analysis  (EDX) 
showed  qualitatively  that  both  the  wetted  and  rough  regions 
contained  more  silicon  than  the  bulk  Si^N^  with  the  rough 
area  being  the  lower  of  the  two. 

For  grooves  formed  at  high  speeds,  the  silicon  layer 
is  continuous  and  its  depth  is  fairly  uniform  but  for  those 
formed  at  lower  speeds  silicon  forms  spherical  globules. 
These  globules  produce  additional  roughness  at  the  surface. 

B.4  Flexural  Strength 

Specimens  with  various  laser  machined  surfaces  were 

tested  in  4-point  bending.  The  test  matrix  consisted  of 

seven  sets  of  samples,  A  through  G.  The  first  set,  A,  was 

produced  using  only  conventional  diamond  grinding  and  was 

used  as  a  standard  which  could  be  compared  to  previously 
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published  results  to  verify  the  present  experimental 


procedures.  All  sets  were  tested  using  a  4-point  flexural 


strength  testing  fixture  designed  to  reduce  errors  in  the 
bend  test.^^  This  included  rounded  steel  knife  edges 
rounded  to  a  radius  of  3.18  nun,  provisions  for  the  align¬ 
ment  of  the  bearing  surfaces,  and  an  outer  and  inner  span 

of  2.54  cm  and  1.27  cm,  respectively.  All  tests  were  con- 
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ducted  at  room  temperature  in  air  using  an  Instron  Model 
TTC  with  a  constant  cross  head  speed  of  0.0508  cm  min”^. 

All  bend  specimens  had  the  same  direction, 
0.669x0.417x3.5  cm,  with  the  long  edges  of  the  tension 
surface  bevelled,  0.0794  cm  at  a  45°  angle.  The  samples 
only  had  their  tension  surface  laser  machined  with  all 
other  surfaces  being  ground  employing  a  520  grit  resinoid 
bonded  synthetic  diamond  wheel  and  an  infeed  of  0.000762  cm 
per  pass.  The  final  grinding  was  done  parallel  to  the  long 
axis  of  the  specijnen.  Because  of  the  sensitivity  of 
NC-132  to  flaws  and  stress  raisers,  the  smoothest  possible 
laser  machined  surface  was  used.  This  was  obtained  with 
a  scan  speed  of  238  cm  sec  ^  and  an  incident  power  of 
560  W.  For  this  scan  speed,  a  groove  overlap  of  0.00378  cm 
was  chosen  so  that  the  laser  machining  would  not  be  influ¬ 
enced  by  the  beam  guiding  effect  previously  discussed. 

Sets  B  and  C  were  laser  machined  using  the  $=90° 
orientation  while  sets  D,  E,  F,  and  G  used  the  $=0°  orien¬ 
tation.  Sets  C  and  D  were  longitudinally  machined,  i.e., 
their  grooves  were  parallel  to  the  long  axis  of  the  sample. 
Sets  B,  D,  F,  and  G  were  laser  machined  in  the  transverse 


direction.  The  three  sets  D,  F,  and  G  were  exactly  the 
same.  Sets  F  and  G  were  used  to  determine  if  any  strength 
loss  due  to  laser  machining  could  be  recovered  with  a 
finishing  pass  by  diamond  grinding.  The  laser  machined 
surface  of  set  F  was  diamond  ground  as  previously  described 
until  the  features  of  the  laser  machined  surface  became 
invisible  to  the  unaided  eye.  Set  G  was  machined  in  a 
similar  manner  but  with  one  extra  finishing  cut  of 
0.000792  cm  to  remove  microcracks  which  might  have  been 
created  by  laser  machining. 

A  summary  of  the  4-point  flexure  strength  measure¬ 
ments  is  presented  in  Table  V.l,  which  lists  the  number  of 

samples  tested,  average  bend  strengths,  standard  devia- 
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tions,  and  Weibull  distribution  characteristics. 

Table  V.l  indicates  the  average  strength  of  the  laser 
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sample  as  compared  to  that  of  set  A,  694  MN  m  ,  was  re¬ 
duced  by  30.6  to  41.9%.  Sets  B  and  D  which  were  laser 
machined  in  the  transverse  direction  showed  the  biggest 
decrease.  Set  B  had  an  average  flexure  strength 

of  423  MN  m”  while  set  D  ($=0  )  had  an  average  flexure 
Strength  of  403  MN  m  .  Sets  C  and  E  were  laser  machined 
in  the  longitudinal  direction.  Set  C  was  machined  using 

the  $=90°  orientation  while  set  E  had  the  4'=0°  orientation. 

_2 

Set  C  had  a  strength  of  462  MN  m  while  set  E  had  a 

_2 

'strength  of  482  MN  m  .  The  closeness  of  these  values 
suggests  that  at  the  speed  of  238  cm  sec~^  used  in  this 


D-Diamond  (Grit) 


investigation,  the  resultant  groove  shapes  of  the  two 
orientations  were  very  similar.  The  average  strength  val¬ 
ues  of  sets  F  and  G  listed  in  Table  V.l  show  that  the 
reduction  due  to  laser  machining  can  be  recovered  by 
diamond  grinding.  Not  only  is  the  average  strength  in¬ 
creased  but  also  the  standard  deviation  is  increased  to  the 
value  observed  in  sets  A  and  PI.  The  standard  deviations 
of  the  laser  machined  sets  in  Table  V.l  show  a  marked  de¬ 
crease  in  comparison  to  the  diamond  machined  sets.  The 
previous  investigation,  set  PI,  and  sets  A,  F,  and  G  have 
standard  deviations  of  9.4,  8.0,  and  10.3%  of  their  average 
strengths,  respectively  while  sets  B,  C,  D,  and  E  have 
standard  deviations  that  range  from  2.7  to  3.3%  with  an 
average  of  2.9%.  Correspondingly  the  Weibull  slope  which 
is  a  measure  of  the  variability  of  strength  of  the  material 
with  a  larger  value  being  associated  with  the  least  varia¬ 
bility  also  varied  significantly.  Sets  PI  and  A  both  had 
slopes  of  12.6  while  the  laser  machined  sets  B,  C,  D,  and 
E  had  values  of  34.4,  33.0,  39,2,  and  36.1,  respectively. 
This  along  with  the  observed  reduction  in  strength  suggests 
that  the  laser  machined  S2unples  had  a  narrow  distribution 
of  flaw  sizes  but  that  the  flaws  were  larger  than  in  the 
diamond  ground  samples. 

Optical  and  SEM  examinations  were  not  able  to  reveal 
exact  origins  of  fracture  but  did  show  that  the  fracture 
origins  were  associated  with  the  surface  and  were  not  close 


to  the  chamfered  edges,  Figs.  V.IO  and  V.ll.  SEM  photo¬ 
micrographs  also  showed  that  the  "wetted"  silicon  had  very 
narrow  cracks. 


Although  these  cracks  were  somewhat  random  in  direc¬ 
tion  the  majority  were  perpendicular  to  the  groove  direc¬ 
tion  and  extended  across  the  width  of  the  "wetted"  silicon. 
This  type  of  cracking  can  be  seen  in  Fig.  V.9  and  in  more 
detail  in  Fig.  V.12. 


r 
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Fig.  V.12.  SEM  photomicrograph  illustrating  cracks  in 
silicon  layer. 
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C.  Discussion 


C.l  Overlapped  Grooves 

As  Secs.  V.B.l  and  V.B.2  have  illustrated,  beam 
guiding  effects  play  an  important  role  in  determining  the 
finish  of  laser  machined  surfaces.  These  effects  could 
possibly  limit  the  usefulness  of  lasers  in  shaping  Si^N^. 
The  unsymmetrical  groove  cross  sections  formed  by  two 
passes  are  similar  to  curved  grooves  formed  by  single 
passes. 

In  an  earlier  investigation.  Chap.  Ill,  it  was  shown 
that  the  curving  of  grooves  formed  by  single  passes  was 
caused  by  polarization  of  the  laser  beam.  An  alternative 
to  the  polarization  explanation  also  considered  curving 
due  to  becun  guiding.  This  alternative  was  based  on  the 
idea  that  an  unsymmetrical  intensity  distribution  might 
cause  the  material  initially  vaporized  to  be  offset  from 
the  main  path  of  the  beam.  It  was  proposed  that  the  main 
part  of  the  beam  would  then  be  guided  by  the  unsymmetrical 
groove  front  resulting  in  a  curved  cross  section.  This 
alternative  explanation,  however,  was  not  able  to  explain 
all  observations  related  to  groove  curving.  Also,  an 
attempt  to  demonstrate  it  by  manipulating  the  beam  inten¬ 
sity  with  cylindrical  lenses  to  form  an  elliptical  beam 


cross  section  with  the  long  axis  of  the  ellipse  making  an 
acute  angle  with  the  groove  direction  was  unsuccessful. 
Although  rejected  as  an  explanation  for  the  curving  of 
single  pass  grooves,  the  idea  of  beam  guiding  provides  a 
satisfactory  explanation  for  unsymmetrical  cross  sections 
of  two  pass  grooves.  The  failure  of  the  previous  attempt 
to  demonstrate  this  mechanism  in  single  pass  grooves  was 
probably  due  to  the  failure  of  the  elliptical  beam  to 
establish  a  sufficiently  offset  initial  groove  front. 

The  results  described  in  Sec.  V.B.2  indicate  that  it 
is  difficult  to  compare  material  removal  rates  and  surface 
roughness  obtained  by  laser  machining  to  those  obtained  by 
standard  single  point  cutting.  This  arises  from  the  fun¬ 
damental  difference  between  the  conventional  cutting  tool 
and  the  "tool"  used  in  laser  machining,  the  focused  laser 
beam.  The  conventional  cutting  tool  removes  only  material 
that  intersects  the  tool  cross  section.  As  the  feed  or 
groove  spacing  is  decreased  the  area  of  intersection  also 
becomes  smaller  and  thus  the  material  removal  rate  becomes 
less.  This  differs  from  laser  machining  where  the  tool  is 
a  fixed  amount  of  power  directed  toward  a  sample  surface. 
All  this  power  interacts  with  the  surface  regardless  of 
whether  or  not  some  of  the  surface  was  previously  removed. 
In  general,  this  causes  the  material  removal  rate  to  remain 
constant  independent  of  the  groove  spacing  and  the  surface 
roughness  to  vary  in  a  complicated  manner  with  feed. 


From  a  machining  standpoint,  the  observation  of  a 
constant  material  removal  rate  independent  of  feed  presents 
a  unique  situation.  The  material  removal  rate  can  be  eas- 
I ily  predicted  from  that  of  single  pass  grooves.  The  single 
!  pass  material  removal  rates  have  been  discussed  previously 
in  terms  of  incident  power,  scan  velocity,  and  orientation. 

j 

i  If  the  material  removal  rate  remains  constant  as  the  feed 
is  decreased,  then  the  average  groove  depth  must  become 
deeper.  Therefore,  the  depth  of  the  machined  surface  is 
not  only  a  function  of  incident  power,  scan  velocity,  and 

f 

$  orientation  but  also  of  feed.  It  should  be  noted  that  it 
is  average  depth  that  is  being  referred  to  here,  and  there 
may  be  specific  grooves  that  are  much  deeper  than  adjacent 
ones  due  to  beam  guiding  effects. 

In  Sec.  V.B.2  conditions  for  the  onset  of  beam 

I 

guiding  were  discussed.  It  was  pointed  out  that  whenever  j 
the  feed  corresponds  to  the  width  of  the  groove  beam  guid-  ■ 
ing  and  non-steady  state  groove  formation  will  occur  near 
the  initial  and  final  grooves.  This  results  from  energy 
being  deposited  on  the  preceding  groove  starting  with  the 
second  pass.  For  cases  where  beam  guiding  is  not  predomi¬ 
nant  these  effects  were  observed  only  slightly  in  the  first 
and  last  grooves,  or,  not  at  all.  (See  Figs.  V.2  and  V.3 
for  moderate  feeds,  where  approximately  steady  state  be¬ 
havior  was  observed  in  the  first  grooves) . 

Referring  to  Fig.  V.7,  the  increase  in  the  ratio  5 


for  the  4>=0°  orientation  compared  to  the  $=90°  orientation 
is  an  important  feature  which  was  seen  at  all  scan  speeds. 
This  behavior  is  expected  because  in  the  $=0°  orientation 
^  more  of  the  incident  light  is  reflected  by  the  walls  of  the 
!  groove  and  thus  more  easily  guided,  as  previously  des¬ 
cribed.  Similarly,  one  can  expect  that  the  "steepness"  of 
;  the  groove  walls  would  also  be  a  factor.  Steeper  walls 
would  more  easily  guide  the  incident  light,  which  would 
lead  to  an  increase  in  5.  For  example,  the  walls  of  the 
9.42  cm  sec  $=90°,  single  pass  groove  shown  in  Fig.  V.l  ; 

j 

are  almost  perpendicular  to  the  surface.  This  groove  when  ; 
overlapped,  gave  a  5  of  0.894.  In  contrast  the  fastest 
scan  speed  groove,  formed  at  237  cm  sec~^,  had  walls  in¬ 
clined  33°  from  the  top  surface  for  the  $=90°  orientation 
and  had  a  6  of  0.282. 

Considering  another  measure  of  wall  steepness,  namely 
the  ratio  of  depth  to  width  for  a  single  pass  groove,  a 
direct  correlation  can  be  found  with  the  ratio  6  for  the 
faster  scan  speeds  included  in  Fig.  V.7.  At  128  cm  sec”^ 
and  237  cm  sec  ^  for  both  orientations,  6  is  equal  to  the 
value  of  the  depth  divided  by  the  width  to  within  13%. 

For  the  data  included  in  Fig.  V.7  this  relationship  appears 
to  break  down  when  the  value  of  depth  to  width  reaches 
0.55  to  0.60.  In  Fig.  V.7  this  corresponds  to  the  $=0° 
orientation  for  the  61  cm  sec”^  scans  and  both  orientations 
for  the  9  cm  sec  ^  scans.  Contributing  to  this  breakdown 


is  the  fact  that  the  depth  to  width  is  not  truly  represen¬ 
tative  of  the  wall  steepness  of  the  deep  grooves  associated 
with  the  slower  scan  velocities  because  they  vary  from  a 
triangular  shape. 

For  6  values  where  beam  guiding  is  not  predominant, 
the  resulting  machined  surface  is  made  up  of  overlapping 
grooves  spaced  according  to  the  feed.  Thus,  the  smoothest 
surface  is  attained  with  the  fastest  scan  speed  and  small¬ 
est  feed.  Of  course,  there  are  both  machine  limits  and 
material  removal  rate  limits  to  the  fastest  scan  speed  that 
can  be  used.  These  limits  then  define  the  maximum  smooth¬ 
ness  that  can  be  obtained  by  laser  machining. 

Observing  these  limits,  one  can  then  predict  the 
smoothness  of  the  laser  machined  surface  by  conventional  ' 
analysis.  For  the  fastest  scan  speed  included  in  Fig.  V.6, 
the  single  pass  groove  cross  section  can  be  modeled  as  an 
equilateral  triangle.  For  overlapping  grooves,  the  surface 
roughness  R  is  equal  to  the  following:®^  i 


R  = 


max 


(V.l) 


where  R_  is  the  vertical  distance  from  peak  to  valley  of 
the  resulting  idealized  machined  surface.  Because  the 
ratio  of  feed  to  width  is  equal  to  the  ratio  of  depth  to 
width  for  the  fastest  scan  speed  the  following  equality 
exists:  feed/width  equals  depth/width  equals  0.5,  for  the 


orientation.  It  follows  that  R  equals  0.5  times 

ludX 

the  depth  which  when  combined  with  Eq.  (V.l)  and  the 
measured  depth  of  the  238  cm  sec”^/'t=0°  orientation 
grooves,  38.5  ym,  leads  to  a  predicted  surface  roughness 

I 

of  4.81  ym.  The  value  of  R  corresponds  to  N8-N9  using 

6  6  ^ 

the  ISO-roughness  grade  numbers.  The  predicted  value 

of  roughness,  4.81  ym  is  slightly  higher  than  the  measured 

value  of  2.88  ym  for  the  238  cm  sec”^,  4=0°  orientation 

scan.  This  difference  is  probably  due  to  modeling  the 

groove  cross  section  as  a  sharp  triangle  rather  than  as  a 

triangular  shape  with  rounded  corners.  This  analysis 

neglects  groove  shape  modification  due  to  a  slight  amount 

of  beam  guiding  and  modification  covered  by  the  residual 

silicon.  ; 

In  addition  to  modifying  the  final  surface  roughness,, 

the  residual  silicon  can  also  cause  the  surface  to  have  : 

I 

long  range  irregularities.  A  solidified  silicon  deposited 
from  one  pass  will  affect  the  subsequent  passes  by  presen¬ 


ting  an  irregular  surface  to  the  laser  beam. 


The  4-point  flexure  strength  results  presented  in 
Sec.  V.B.4  show  that  the  strength  of  the  laser  machined 
samples  was  significantly  decreased  compared  to  convention¬ 
ally  diamond  ground  samples.  In  addition,  the  strength 
of  this  investigation's  ground  samples  was  greater  than 
those  tested  in  previous  investigations.  An  analysis  of 
this  difference  requires  the  use  of  the  Weibull  distribu¬ 
tion,  a  distribution  widely  used  in  the  analysis  of  brittle 
materials  strength  data.^^ 

While  the  Gaussian  distribution  is  applied  widely 
in  engineering  problems,  there  is  no  experimental  or 
theoretical  justification  for  using  it  in  fracture  prob¬ 
lems.  The  Gaussian  distribution  has  long  tails  on  each 
side  of  the  mean  and  does  not  represent  normal  fracture 
data. 

Weibull ' s  theory  assumes  that  the  cumulative  proba¬ 
bility  of  fracture  F(a)  for  the  strength  a  of  a  material 
is  given  by 

F(a)  =  l-exp(-B)  (V.2) 

where  B  is  given  by 

B = /n, (o) dv + /n2 (a) ds  (V.3) 

V  s 

where  V  and  S  are  the  volume  and  surface  of  the  sample, 
andTij^Ca)  and  n2(o)  are  functions  relating  the  probability 


of  failure  to  the  stress  level,  a.  Both  nj^(a)  and  n2(o) 
are  functions  of  the  form 


n(a)  =  ( (a-a^)/o^)"'  o>o^ 

n  (a)  =0 


(V.4 


where  o^,  o^,  and  m,  the  three  parameters  describing  the 
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function,  are  defined  as  follows: 

1)  is  known  as  the  threshold  stress  or  lower 
limiting  stress.  It  is  the  stress  below  which 
the  failure  probability  is  zero.  Generally  it 
is  set  equal  to  zero  unless  there  are  physical 
reasons  to  expect  an  upper  limit  to  the  size  of 
the  flaw  or  there  has  been  some  proof  testing. 

2)  is  the  characteristic  Weibull  strength. 

For  specified  values  of  m,  ,  and  specimen 
size  the  mean  fracture  stress  increases  with 
increasing  o^.  If  is  zero  and  the  specimen 
is  of  unit  size  subjected  to  a  stress  the 
specimen  will  have  a  cumulative  probability  of 
fracture  equal  to  1  -  1/e  or  0.632. 

3)  m  is  the  Weibull  modulus.  It  is  a  measure  of 

the  variability  of  the  quantity  .  A 

high  value  of  m  yields  a  narrow  range  of  stress 
over  which  failure  is  likely  to  occur. 


The  Weibull  theory  assumes  that  m,  o 


and  a  are  all 

1 1 
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material  properties  depending  on  the  microstructure. 

Equation  (V.3)  explicitly  contains  a  size  effect 

since  B  depends  on  the  limits  over  which  the  integration 

is  performed.  In  Eq.  (V.3),  both  volume  and  surface  flaws 
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are  taken  into  account,  although  previous  investigators 
have  shown  that  NC-132  failure  is  primarily  due  to  the 
surface  flaws.  In  this  case,  the  volume  term  in  Eq.  (V.3) 
can  be  neglected  and  Eq.  (V.2)  can  be  combined  with  (V.3) 
and  (V.4)  to  give  the  equation 


F(a)  =  l-exp“^^/‘^o^ 


(V.5) 


By  fitting  the  modulus  rupture  (MOR)  data  to  Eq.  (V.5), 
using  the  least  squares  procedure,  the  Weibull  parameters 
listed  in  Table  V.l  were  calculated  (graphically  shown  in 
Pigs.  V.13  and  V.14) . 

Comparing  set  A  to  the  data  of  previous  investiga¬ 
tions  in  Table  V.l,  one  finds  that  the  results  are  very 
similar  although  in  the  previous  investigations  lower 
average  and  Weibull  characteristic  strengths  were  observed 
This  could  be  due  to  several  factors  including  specimen 
size  effects,  strength  anisotropocity,  and  surface  treat¬ 
ments.  Davies  and  others®^”^®  have  shown  that  when  sur¬ 
face  flaws  predominate  the  magnitude  of  the  size  effect 
depends  primarily  on  m  and  the  mean  strengths,  and 

0^2*  samples  with  surface  area  and  S2.  The 

relationship  takes  the  form 


Modul  us  of  Rupture  (MN/ni‘2) 


Fig.  V.13.  Probability  of  fracture  versus  MOR  for  ^-0° 
laser  machined  scunples  and  dieunond  machined  samples. 
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Probability  of  Fracture 


Modulus  of  Rupture  CMN/o‘2) 


Pig.  V.14.  Probability  of  fracture  versus  MOR  for  $=90° 
laser  machined  samples  and  diamond  machined  samples. 


(V.6) 


when  o  =0. 

u 

Using  in=12.6  and  the  known  values  of  and  S2  for 

sets  A  and  PI,  Eq.  (V.6)  would  then  indicate  that  if  the 

specimen  size  of  set  PI  were  the  same  as  set  A,  set  PI 

would  have  a  mean  strength  of  652  MN  m  .  This  would  still 

_2 

be  smaller  than  the  observed  value  of  694  MN  m  for  set 

A,  and  therefore,  the  size  effect  cannot  completely  account 

for  the  difference  between  the  two  sets. 

This  remaining  difference  between  sets  A  and  PI 

could  be  due  to  flexure  strength  anisotropocity  previously 
32 

observed  in  NC-132.  Depending  on  the  test  bar  length, 
orientation  and  loading  force  factor  orientation  relative 
to  the  billet  pressing  axis,  the  mean  strength  can  vary  by 
as  much  as  18%.  Sets  A  through  G  had  both  their  long  axes 
and  loading  force  vectors  in  the  billet  plane.  In  the 
previous  investigation  the  orientation  of  the  test  bars  is 
unknown  but  because  of  their  size  it  is  likely  that  they 
had  the  same  testing  orientation  as  sets  A  through  G. 

Thus,  it  does  not  appear  that  flexure  strength  anistropy 
can  account  for  the  remaining  difference  between  sets  A 
and  PI . 

Another  source  for  the  remaining  difference  in 
strength  between  sets  PI  and  A  could  be  different  surface 


' treatments.  Set  A  was  conventionally  surfaced  using  a 
520  grit  diamond  wheel  while  a  320  grit  wheel  was  used  for 
set  PI.  This  difference  in  grit  size  could  account  for 
the  difference  in  average  strength.  Richerson  and 
I  Yonushonis  investigated  the  effects  of  processing  condi¬ 
tions  on  NC-132.  Using  ultrasonic  machining  they  observed 
an  increase  in  average  strength  of  9%  when  320  grit  B^C 
was  replaced  with  600  grit  B^C.  Thus,  it  appears  likely 
that  the  difference  in  strength  not  accounted  for  by  the 
sample  size  effect  can  be  attributed  to  the  different 
surface  treatment. 

As  stated  previously  in  Sec.  V.B.4,  the  average 
strength  of  the  laser  machined  sample  when  compared  to 
that  of  set  A  reduced  from  30.6  to  41.9%  with  the  trans¬ 
versely  laser  machined  samples  showing  the  largest  decrease 
in  strength.  This  decrease  for  the  transverse  set  was 
expected.  Richerson  and  Yonushonis  have  shown  in  surface 
grinding  with  320  grit  diamond  wheels  there  is  a  large 
decrease  in  strength  for  the  transverse  direction.  Both 
their  transversely  and  longitudinally  diamond  ground 
samples  had  strengths  similar  to  sets  B,  D,  and  A.  Their 
transversely  diamond  ground  samples  had  an  average  strength 
of  434  MN  m“^. 

Considering  the  similarity  in  strength  of  the  trans¬ 
versely  laser  machined  surfaces  and  those  produced  by  dia¬ 
mond  grinding  one  might  expect  the  strengths  of 


longitudinally  laser  machined  surfaces  to  be  similar  to 
those  of  the  longitudinally  diamond  ground  samples.  How¬ 
ever,  this  is  not  the  case  since  there  is  only  a  moderate 
increase  in  strength  of  the  longitudinally  laser  machined 
samples  with  respect  to  the  transversely  laser  machined 
samples.  This  fact  suggests  a  fundamental  difference  in 
the  resulting  surface  microstructure  produced  by  the  two 
types  of  machining. 

Unfortunately,  Richerson  and  Yonushonis  only  give 
the  average  strengths  and  not  the  standard  deviations. 

This  is  important  because  aside  from  the  overall  drop  in 
strength  the  other  notable  characteristic  of  laser  machined 
samples  is  their  reduced  standard  deviation.  As  stated 
previously,  the  diamond  machined  samples  had  standard 
deviations  that  were  approximately  8.7%  of  their  average 
strength  while  the  laser  machined  samples  had  standard 
deviations  that  ranged  from  2.7  to  3.3%  of  their  average  ! 
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strength  with  an  average  of  2.9%.  The  Weibull  slope 
exhibited  similar  behavior  with  m  equalling  12.6  for  the 
dicunond  machined  sets  and  an  average  of  35.7  for  laser 
machined  samples.  This  would  indicate  a  material  with  a 
narrow  distribution  of  flaw  sizes.  Petrovic  et  al.^^ 
showed  that  when  surface  flaws  of  controlled  size  and 
shape  were  produced,  by  a  Knoop  indentation,  in  hot  pressed 
SijN^  there  was  a  reduction  in  fracture  stress  by  a  factor 
of  approximately  2  and  a  reduction  in  the  scatter  (standard 


deviation)  by  a  factor  of  4.  Their  results  are  very 
similar  in  magnitude  to  the  results  obtained  when  com¬ 
paring  laser  machined  samples  to  the  diamond  machined  sets. 
72 

Rice  also  studied  the  effect  of  grinding  direction 

-2 

on  the  stength  of  ceramics.  He  lists  a  value  of  655  MN  m 

for  longitudinally  ground  hot  pressed  Si^N^  and  a  value  of 
_2 

359  MN  m  for  transversely  ground  samples.  Unlike 

Richerson  and  Yonushonis's  results,  standard  deviations 

are  given  and  listed  as  9.5%  for  the  longitudinal  direction 

and  3.8%  for  the  transverse  direction.  These  values  for 

transversely  ground  scimples  are  similar  in  both  magnitude 

and  scatter  to  the  values  for  the  transverse  laser  machined 

sets.  Unfortunately,  Rice's  results  are  based  on  a  very 
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small  number  of  tests.  Heckel  and  Heigl  also  investi¬ 
gated  the  effect  of  grinding  direction  on  the  strength  of 
Si^N^  but  tested  reaction-bonded  silicon  nitride  specimens. 
The  average  strength  of  the  transversely  ground  samples 
was  reduced  by  32%  with  respect  to  the  longitudinally 
ground  samples  as  compared  to  the  45%  observed  by  Rice  and 
35%  listed  by  Richerson  and  Yonushonis.  But  in  contrast, 
Heckel  and  Heigl  saw  no  decrease  in  scatter  between  the 
two  grinding  orientations  with  a  Weibull  slope  of  14.0 
for  the  longitudinally  ground  samples  and  12.9  for  the 
transversely  ground  samples. 

It  was  proposed  by  Rice  that  the  variation  of 
strength  with  grinding  direction  was  associated  with 


grinding  striations  or  grooves  which  would  act  as  stress 
concentrators.  Thus,  stressing  a  sample  with  the  grooves 
in  the  longitudinal  direction  would  not  increase  the  stress 
experienced  by  the  material  while  stressing  with  grooves 
in  the  transverse  direction  would  result  in  the  maximiim 
stress  concentration.  However,  there  are  several  observa-  i 
tions  which  indicate  that  the  grinding  grooves  are  nor¬ 
mally  not  a  major  factor  contributing  to  the  anisotropy  of 
strength.  Investigation  of  the  shape  of  the  grooves  showed 

that  theoretically  calculated  stress  concentrations  would  1 

) 

i 

not  be  great  enough  to  account  for  the  strength  anisotropy. 
Also,  it  has  been  shown  that  the  strength  anisotropy  re¬ 
mains  in  samples  after  the  grooves  have  been  subsequently 

74  ^ 

removed  by  further  treatment.  Further,  fracture  surface  | 

analysis  showed  that  the  grooves  often  do  not  appear  to  be 

as  deep  as  the  flaws  causing  fracture.  The  results  of  a 

substantial  amount  of  study  related  to  this  problem  showed 

I 

that  there  are  basically  two  different  sets  of  flaws  ex¬ 
tending  into  the  body  from  a  surface  generated  by  grinding. 
Typically,  both  sets  of  flaws  extend  to  similar  depths. 

The  flaws  formed  parallel  to  the  grinding  grooves  are 

longer  than  those  formed  perpendicular  to  them,  which  is 

75 

consistent  with  the  observed  strength  anisotropy.  In 
both  sets  the  most  severe  flaws  are  generally  associated 
with  a  particularly  deep  grinding  groove. 

As  summarized  in  Sec.  V.B.4,  SEM  examination  of  the 
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laser  machined  surfaces  revealed  no  cracks  in  the  Si,N- 
but  did  show  that  the  thin  "wetted"  silicon  layer  had 
shallow  randomly  oriented  cracks.  An  analysis  based  on 
fracture  mechanics  will  now  be  presented  to  determine 

I 

I  whether  or  not  the  presence  of  these  cracks  can  provide  an  ! 

I 

adequate  explanation  for  the  reduction  in  strength  as  well  | 
,  as  the  reduction  in  scatter  of  strength  values  observed  in  ' 

To  simplify  the  analysis,  uniform  applied  stress, 
edge-notched  crack  depths  that  are  much  smaller  than  the  ; 

I 

specimen  thickness,  and  uniform  elastic  constants  are 
assumed.  With  these  assumptions,  the  appropriate  stress  j 

I 

intensity  factor  for  this  case  is  then  given  by  the  | 

76  ' 

equation: 

I 

Ka  =  (V.7)  I 

where  is  a  crack  geometry  parameter  which  for  the  edge-  , 
notched  crack  is  1.99,  a  is  the  applied  stress,  and  C  ' 

is  the  depth  of  the  crack.  Using  the  observed  value  of 

maximum  silicon  layer  thickness  for  the  crack  depth, 

“6  ^2 
C'=4xl0  m,  and  setting  a  =472  MN  m  ,  the  observed  break- 

a 

ing  stress  for  the  longitudinal  laser  machined  samples, 

—3  3 

Eq.  (V.7)  gives  a  K_=1.88  MN  m  This  value  is  much 

a 

32 

smaller  than  the  reported  range  of  values  for  Kj^, 

-3/2 

3.25  to  4.8  MN  m  '  .  This  indicates  that  the  cracks  in 
the  silicon  are  too  small  to  be  responsible  for  fracture 


at  the  observed  applied  stress. 

Although  the  cracks  in  the  silicon  are  not  large 

enough  to  cause  fracture,  the  effects  of  these  cracks  when 

combined  with  the  effects  of  residual  stress  due  to  a 

thermal  expansion  mismatch  between  the  silicon  and  Si^N^ 

layer  may  be  large  enough  to  account  for  the  reduced 

strength.  As  the  surface  is  laser  machined,  the  liquid 

silicon  produced  in  the  decomposition  reaction  solidifies 

upon  cooling.  Because  the  thermal  expansion  coefficient 

of  the  silicon  layer  is  larger  than  the  Si^N^  sub- 
32  77 

strate,  '  cooling  places  the  silicon  layer  in  bi-axial 
tension  and  the  substrate  below  the  layer  of  compression.  The 
silicon  layer  also  exerts  a  force,  P^.,  on  the  Si^N^  at  the 
silicon  layer  edge.  This  force  can  propagate  cracks  in 
the  substrate  as  schematically  illustrated  in  Fig.  V.15. 
Again,  one  can  use  the  fracture  mechanics  approach  to 
analyze  the  situation  in  Fig.  V.15.  The  stress  intensity 
factor  due  to  the  residual  load  acting  at  the  mouth  of 
the  crack  in  the  substrate  is  given  by^^ 

K^  =  Y^(2P^C“’^)  (V.8) 

where  is  the  appropriate  geometrical  factor,  and  P^  is 
the  residual  load  per  unit  crack  length.  This  stress  in¬ 
tensity  factor  can  be  added  to  the  stress  intensity  factor 
K  due  to  the  uniform  applied  stress,  which  for  the  geo- 

a 

metry  of  Fig.  V.15  is  given  by 


Fig.  V.15.  Schematic  representation  of  crack  system  in 
a  multiphase  body  with  residual  load  and  uniform  applied 
stress. 


(V.9) 


=  Y^a^CC'+C)*^ 

cl  a  cl 

Thus,  the  crack  shown  in  Fig.  V.15  is  subjected  to  a  net 
stress  intensity  factor  given  by 

K_  «  K  +K  =Y  a  (C'+C)*^+Y^(2P  C”^)  (V.IO) 

I  a  r  a  a  r  r 

By  inserting  into  Eq.  (V.IO)  and  rearranging  one  can 

obtain  the  following  expression  for  the  applied  stress  at 
fracture  as  a  function  of  crack  length. 


K 


IC 


Y^ (C'+C) 

cl 


1- 


2Y  P 
r  r 


KicC 


(V.ll) 


By  differentiating  Eq.  (V.ll)  with  respect  to  C  one  obtains 
the  equation 

(V.12) 


dC 


-K 


IC 


Y  P 
r  r 


Y^2 (C'+C) 

cl 
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a 


(C'+C) 


37^"^ 


(C'+C)^C^^^ 


which  can  be  set  equal  to  zero  to  find  the  crack  depth  C^^ 
at  the  maximum  stress.  The  value  of  C^^^  is  found  by  solving 
the  following  cubic  equation,  derived  from  Eq.  (V.12)  after 
setting  da_7dC=0 

cL 
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Finally,  substituting  into  Eq.  (V.ll)  yields  the  value  j 

of  maximum  stress  (a ) .  For  a>o  ,  the  crack  system  ! 

am  am  ^  i 

(C+C)  will  become  unstable  and  fracture  will  occur.  The  | 

approach  used  in  this  analysis  is  similar  to  that  of 

79  80 

Marshall  and  coworkers  *  who  investigated  the  influence  ' 

of  residual  stresses  induced  by  sharp  indenters. 

To  evaluate  C  and  a  ,  a  value  for  P^,  the  residual 
m  am  r  { 

I 

load  generated  by  the  silicon  layer  is  needed.  This  is 

calculated  by  assuming  that  all  the  stress  in  the  silicon 

layer,  when  converted  to  force  per  unit  crack  length,  acts  ^ 

to  wedge  the  crack  open  as  shown  in  Fig.  V.15.  Of  course,  ' 

the  stress  is  actually  transfered  to  the  substrate  by 

shear  at  the  Si^N^-silicon  interface  acting  over  a  distance 

approximately  equal  to  the  silicon  layer  thickness.  To  i 

estimate  the  stress,  and  thus  P^,  one  can  use  the  elastic 

81 

solution,  for  the  plate  composite,  which  is  given  by 


*^si 


3  4  3  4 


(V.14) 


In  this  equation  E  and  v  denote  Young's  modulus  and 


Poisson's  ratio,  respectively,  N 


“c-  e-  M  is  thermal  expansion  coefficient  and  AT  is 
3  4 

the  change  in  temperature.  In  deriving  Eq.  (V.14),  it  was 
assumed  that  the  thickness  of  the  stressed  region  in  the 
Si^N^  is  equal  to  the  thickness  of  the  silicon  layer. 

Substituting  the  following  physical  properties  into 
Eq.  {V.14) 


Ee-i  M  =325  GN  m 

5i3«4 


(Ref.  32) 


Eg^=200  GN  m 


(Ref.  82) 


'^Si  '^Si^N. 

3  4 

Aa=1.0xl0“®°c“^ 


(Ref.  32,77) 


AT=1385"C 


-2  , 


gives  a  stress  of  245  MN  m  in  the  silicon  due  to  cooling, 
When  this  stress  is  multiplied  by  the  thickness  of  the 
silicon  layer  one  then  obtains  the  force  per  unit  crack 
length  needed  to  solve  Eqs.  (V.ll)  and  (V.13).  A 

silicon  layer  thickness  of  4x10  ®  m  multiplied  by 

-2  -1 
245  MN  m  gives  a  of  980  N  m 

Evaluating  Eq.  (V.13)  and  subsequently  Eq.  (V.ll) 

using  the  following  values 

C’=4xl0"®  m 


P=980  N  m 
Kj^=3.25  MN  m' 
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y  =0.734 


—  6  ••2 

yields  C  =2.52x10  m  and  =461  MN  m  ,  the  crack  length 
•*  m  am 

in  the  Si^N^  and  the  maximxam  applied  stress  for  which  the 
crack  system  will  become  unstable  and  fracture  will  occur, 

I 

repectively.  The  value  of  the  calculated  stress  is  very 
close  to  the  observed  strength  of  the  laser  machined  sample 
427  MN  m"^. 

One  result  of  the  preceding  analysis  is  that  the 
initial  depth  of  the  crack  (C)  in  the  Si^N^  no  longer  plays, 
a  part  in  determining  strength.  A  plot  of  K^.,  K  ,  and  K  ! 

^  a  jT  I 

I 

as  a  function  of  crack  depth  (C)  in  the  Si^N^,  Fig.  V.16,  ! 

indicates  that  in  the  absence  of  an  applied  load  the  resi-  . 
dual  stresses  have  their  most  important  effect  at  small 
crack  lengths.  The  crack  will  initiate  and  grow  due  to 
the  residual  load  until  drops  to  and  then  remains  , 

stable,  see  point  I  Fig.  V.16.  To  induce  further  crack 
growth,  it  is  necessary  to  apply  a  stress.  In  the  region 

I 

to  the  right  of  point  I  on  the  line  the  crack  growth  ' 

is  stable  under  increasing  applied  stress  because  increases 

in  K  are  offset  by  decreases  in  K  .  When  the  crack  length 

reaches  C  ,  position  II  Fig.  V.16,  at  a  stress  of 

m  am 

K  +K  becomes  larger  than  and  the  crack  system  becomes 

unstable.  For  this  analysis  the  point  at  which  crack 

growth  becomes  unstable  is  therefore  independent  of  the 

initial  crack  size.  Although  C  and  at  fracture  are 

m  am 

not  dependent  on  the  initial  value  of  C,  0^^^^  is  dependent 


Stress  Intensity  Factor  (MN 


on  C,  the  depth  of  the  silicon  layer,  not  only  from  the 

K  term  of  Eq.  (V.IO)  but  also  P  in  the  second  term  of 
o.  r 

Eq.  (V.IO). 

Therefore,  the  reduced  scatter  observed  in  the 
strength  values  of  the  laser  machined  samples  must  be 
attributed  to  the  uniform  maximum  thickness  of  the  silicon 
layer. 

The  proposed  mechanism  does  not  explain  the  differ¬ 
ences  in  strength  observed  with  different  machining  orien¬ 
tations.  It  may  be  as  suggested  by  Rice  in  the  case  of 
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grinding  that  the  grooves  act  as  stress  raisers. 

This  effect  would  be  greatest  for  grooves  in  the 

transverse  direction.  Unfortunately,  there  is  no  stress 

intensity  analysis  available  that  considers  a  beam  with 

periodic  notches  with  the  correct  geometry  and  it  is  impro 

per  to  use  single  notch  values  because  they  represent  a 

higher  degree  of  stress  concentration  than  a  series  of 

closely  spaced  notches  of  the  same  kind  as  the  single 
83 

notch.  Thus  it  is  not  possible  to  make  an  accurate 
estimate  of  the  magnitude  of  this  effect. 

C.3  Economics 

While  one  major  concern  in  evaluating  the  potential 
of  shaping  NC-132  with  a  laser  is  the  quality  of  the 
resulting  surface,  another  is  the  economic  feasibility. 

The  most  straightforward  economic  study  would  be  the 


comparison  of  material  removal  rates  between  the  laser 
and  conventional  grinding  methods.  In  what  follows,  this 
comparison  is  made  and  the  actual  costs  of  manufacturing  a 
NC-132  turbine  blade  are  also  determined. 

While  data  which  can  be  employed  to  estimate  material 
removal  rates  for  laser  machining  can  be  found  in  Chaps. 

IV  and  V,  values  of  removal  rates  for  conventional  machin¬ 
ing  methods  cannot  be  as  easily  obtained.  Material  removal 
rates  for  diamond  grinding  depend  on  several  factors  such 
as  grit  size,  bonding  material,  cooling  fluids  and  slur¬ 
ries,  wheel  size,  previous  wear  and  contact  pressure  be¬ 
tween  the  work  piece  and  the  diamond  wheel.  The  first  few 
factors  can  be  specified  and  held  constant  but  the  last 
two,  previous  wear  and  contact  pressure,  are  extremely 
variable.  Studies  have  shown  that  removal  rates  can  vary 

significantly  over  the  life  of  a  diamond  tool,  with  the 

84 

larger  values  of  Z  being  associated  with  newer  tools. 

The  contact  pressure  is  normally  determined  by  the  operator 
based  on  his  feeling  as  to  the  amount  of  pressure  needed 
to  remove  material  without  breaking  the  tool  or  the  mach¬ 
ined  part.  Due  to  the  variability  in  these  factors,  values 
for  material  removal  rates  are  not  often  quoted.  Fortu¬ 
nately,  some  values  have  been  published  by  the  Norton 
Company. 

The  single  pass  grooves  produced  by  the  laser  can 
best  be  compared  to  a  conventional  slicing  operation  with 
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a  thin  diamond  blade.  The  removal  of  material  from  a  sur¬ 
face  as  described  in  Chap.  V  can  most  closely  be  equated 
to  a  surface  machining  operation  using  a  wide  diamond 
wheel.  A  comparison  of  these  types  of  operations  can  be 
found  in  Table  V.2  where  values  of  material  removal  rates 
for  both  slicing  and  surfacing  are  listed  along  with  com¬ 
parable  laser  machining  values. 

For  a  slicing  operation  the  material  removal  rate 
for  laser  cutting  was  obtained  from  Chap.  IV  and  represents 
the  maximum  value  of  Z  seen  for  the  parameters  used, 
9.3xl0~^  cm^  sec~^,  which  was  observed  with  an  incident 
power  of  942  W  and  a  scan  speed  of  70.6  cm  sec  For  the 
surface  operation  the  material  removal  rate  for  the  laser 

machining  was  chosen  from  this  chapter  to  be 

-3  3  -1 

3.4x10  cm  sec  and  corresponds  to  an  incident  power  of 
560  W,  scan  speed  of  238  cm  sec”^  and  a  feed  of  0.00378  cm. 
Although  this  was  not  the  maximum  material  removal  rate 
seen  for  this  incident  power,  it  was  chosen  to  correspond 
to  the  conditions  used  in  laser  machining  the  flexure  test 
bars.  Both  values  are  not  maximum  values  for  laser  mach¬ 
ining  operations  and  could  easily  be  increased  by  increas¬ 
ing  the  incident  power,  however,  they  can  be  used  as  an 
indication  of  values  easily  obtainable  in  laser  machining. 

Referring  to  Table  V.2,  values  for  slicing  and 
surfacing  with  the  surface  grinder.  Ref.  31,  can  be  con¬ 
sidered  maximum  values.  They  were  obtained  in  machining 
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billets  where  the  risk  of  breakage  due  to  high  contact 
pressure  is  minimal.  The  same  situation  applies  to  those 
values  obtained  from  Ref.  85,  although  they  appear  to  be 
more  conservative  and  probably  represent  more  typical  re¬ 
moval  rates  for  operations  involving  billets. 

For  slicing  operations  Table  V.2  indicates  that  the 
use  of  laser  machining  represents  a  12.4-fold  improvement 
in  material  removal  rate  over  typical  diamond  methods.  In 
addition  to  this  increase  the  width  of  laser  created 
grooves  are  generally  equal  to  the  width  of  the  focussed 
beam  which  is  smaller  by  a  factor  of  4  than  the  width  of 
the  diamond  blades  used  in  Table  V.2.  Therefore,  when  only 
the  cut-off  of  material  is  required,  the  amount  of  material 
removed  is  reduced  by  a  factor  of  4.  Consequently  the  time 
needed  to  perform  the  cut-off  operation  is  reduced  by  4 
and  in  this  special  case  there  would  be  an  improvement  of 
approximately  50  times  obtained  by  using  the  laser  rather 
than  a  diamond  tool. 

For  the  surfacing  operations  shown  in  Table  V.2  a 

—3  3  —1 

removal  rate  of  3.75x10  cm  sec  was  obtained  by  con¬ 
ventional  machining  and  a  rate  of  3.4x10  ^  cm”  sec  ^  by 
laser  machining,  however,  conventional  machining  again 
involved  only  the  machining  of  billets  where  the  applica¬ 
tion  of  high  contact  pressure  would  not  present  a  problem. 
More  complicated  shapes  such  as  airfoils  require  the  use  of 
a  pantograph  profile  grinder.  These  grinders  use  small 


diamond  coated  rods  called  points  which  are  rotated  from 
5,000  to  100,000  rpm.  In  contour  grinding  the  material 
removal  rates  are  much  less  than  in  the  surface  grinding 
of  billets  as  illustrated  by  Table  V.2.  For  rough  grind¬ 
ing  with  the  pantograph  grinder  typical  removal  rates  are 
-3  3  -1 

0.09x10  cm  sec  .  Assuming  that  laser  machining  can  do 
similar  contouring  at  a  rate  similar  to  that  observed  in 
surfacing,  using  the  laser  could  result  in  a  37.7  times 
increase  in  materials  removal  rate  compared  to  conventional 
methods . 

Baker  conducted  an  economic  study  involving  the 
manufacture  of  a  turbine  blade  using  the  pantograph  opera¬ 
tion.  If,  employing  his  data,  one  substitutes  laser  mach¬ 
ining  for  pantograph  grinding  of  the  roughing  cuts,  an  idea 
of  the  significance  of  increasing  the  materials  removal 
rate  can  be  obtained.  The  dimensions  of  the  ceramic  blade 
used  in  this  analysis  are  given  in  ’'ig.  V.17.  The  cost 
calculations  are  listed  in  Table  V.3.  Baker's  study  in¬ 
volved  the  use  of  an  abrasive  slurry  of  B^C  to  aid  the 
diamond  points  and  improved  the  material  removal  rates  over 
those  shown  in  Table  V.2.  The  production  costs  shown  in 
Table  V.3  do  not  contain  the  normal  overhead  costs,  rejec¬ 
tion  costs,  and  set  up.  Referring  to  Table  V.2  if  the 
laser  is  used  for  only  the  rough  machining  operation  a 
cost  reduction  of  62%  is  obtained  in  the  cost  per  blade. 

The  estimate  of  time  required  for  laser  machining 
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Fig.  V.17.  Dimension  of  ceramic  turbine  blade  used  in 
economic  study. 
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Table  V.3.  Economic  comparison  between  laser  and  diamond  machining  for  ceramic 
turbine  blade. 


the  blade  is  probably  optomistic  in  that  it  does  not  allow 
for  "off"  time  that  would  be  required  to  allow  the  blade 
to  cool  from  heating  due  to  conduction  nor  does  it  allow 
for  time  needed  to  reposition  the  turbine  blade  during  the 
laser  machining.  Even  if  the  time  required  for  laser  mach¬ 
ining  is  increased  by  a  factor  of  5  to  1  hour  there  would 
still  be  a  reduction  in  cost  of  52%  over  the  diamond  mach¬ 


ining  . 

A  further  increase  can  be  realized  because  unlike  the 
diamond  slicing  operation  the  laser  machined  grooves  are 
not  limited  to  a  straight  line  therefore  large  sections  of 
the  initial  block  can  be  removed  intact.  The  removal  of 
bulk  pieces  would  dramatically  increase  the  overall  effec¬ 
tive  removal  rate  further  increasing  the  economic  advantage 
of  laser  machining. 


VI .  SUMMARY 


A.  Summary  -  Conclusions 

The  shaping  of  hot  pressed  silicon  nitride  with  a 
high  power  CW  CO2  laser  was  investigated.  The  major  por¬ 
tion  of  this  research  involved  translating  a  Si^N^  sample 
at  constant  velocity  in  a  controlled  environment  under  a 
focused  laser  beam.  The  laser  was  used  to  heat  the  sur¬ 
face  of  the  workpiece  forming  a  groove  by  vaporization. 
Shaping  was  accomplished  by  overlapping  the  grooves. 

This  investigation  was  divided  into  three  parts. 

The  first  and  second  parts  deal  with  the  formation  of 
single  pass  grooves,  while  the  third  part  deals  with  the 
overlapping  of  grooves  leading  to  shaping.  These  parts 
are  summarized  individually  in  the  following  sections. 

A.l  Single  Groove  Formation  -  Part  I 

1)  Examination  of  sections  perpendicular  to  laser 
vaporized  grooves  in  Si^N^  has  revealed  these  grooves  are 
often  curved.  The  curvature  becomes  more  pronounced  at 
low  speeds  and  high  incident  power  and  reverses  direction 
if  the  scan  direction  is  reversed. 

2)  The  shape  of  the  curved  grooves  was  found  to  be 
independent  of  the  distribution  of  intensity  within  the 


focused  incident  beam. 


3)  The  shape  of  the  curved  grooves  is  directly  re¬ 
lated  to  the  angle  between  the  electric  vector  of  the 
partially  polarized  beam  and  the  velocity  of  the  sample. 

A  mechanism  is  proposed  which  explains  the  curved  shape  of 
single  pass  grooves  in  terms  of  the  difference  in  reflecti¬ 
vity  between  the  TM  and  TE  beam  components  for  large  angles 
of  incidence. 

4)  Calculations  of  values  of  reflectance  for  the 
TM  and  TE  components  as  a  function  of  the  angle  of  inci¬ 
dence  verify  that  a  large  difference  exists  at  X=10.6  ym. 

These  calculations  were  based  on  a  value  of  k  reported  by 

45 

Haggarty  and  Cannon  and  measurements  of  absorption  car¬ 
ried  out  as  part  of  this  investigation. 

A. 2  Single  Groove  Formation  -  Part  II 

1)  Groove  cross  sections  and  material  removal  rates 
were  determined  for  a  wide  range  of  incident  beam  powers 
(315  to  940  W)  and  beam  scan  speeds  (5  to  125  cm  sec~^) . 

In  addition  the  effects  of  varying  4  were  also  studied. 
Factors  affecting  the  behavior  observed  in  material  removal 
rate  are  discussed  including  optical  properties,  beam 
polarization,  ejecta,  and  groove  shape  and  size. 

2)  Groove  formation  was  studied  in  several  differ¬ 
ent  gaseous  environments  (02$  found 

that  the  material  removal  rate  was  independent  of  the 


environment  used.  This  result  is  evidence  that  the  de¬ 


composition  reaction,  Si^N^  (s)-^3Si  (1) +2N2  (g)  »  is  responsi¬ 
ble  for  the  removal  of  material  in  laser  machining  of 

3)  Based  on  the  energy  balance  involved  in  the 
reaction  responsible  for  the  removal  of  material  and  an 
estimate  of  conductive  losses  to  the  substrate  during 
groove  formation,  an  absorption  coefficient  of  at  least 
0.28  is  calculated.  This  is  much  higher  than  would  be 
expected  due  to  normal  infrared  absorption. 

4)  Possible  explanations  for  the  increased  a  are 
discussed  including  the  presence  of  an  absorption  enhancing 
silicon  film  and  occurance  of  temperature  dependent 
Reststrahl  absorption.  Also,  some  experimental  evidence 
that  plasma  effects  may  be  partly  responsible  for  the 
increase  in  a  is  discussed. 

A. 3  Overlapped  Groove  Formation 

1)  Groove  cross  sections  and  material  removal  rates 
were  determined  for  multiple  overlapped  grooves  of  various 
spacings  for  a  wide  range  of  scan  speeds  (9.1  to 

238  cm  sec"^) ,  and  for  both  the  $=0°  and  90°  orientations 
at  one  incident  power  (560  W) . 

2)  An  analysis  of  multiple  overlapping  grooves 
indicated,  in  some  cases,  that  the  shape  of  the  overlapped 
groove  differs  significantly  from  that  of  the  single  pass 


groove.  This  distortion  is  caused  by  beam  guiding  and  can 
be  related  to  groove  overlap  and  single  pass  groove  width. 

3)  The  results  showed  that  material  removal  rates 
remain  constant  independent  of  the  groove  spacing.  It  was 
found  that  this  constant  rate  was  equal  to  the  material 
removal  rate  for  a  single  pass  groove  for  the  Seune  power, 
scan  speed,  and  orientation. 

4)  Specimens  with  various  laser  machined  surfaces 
were  tested  in  4-point  bending.  The  results  indicated  an 
overall  reduction  of  30  to  40%  in  the  modulus  of  rupture 
relative  to  diamond  ground  surfaces  accompanied  by  greatly 
reduced  scatter.  Both  reductions  may  be  attributed  to  the 
presence  of  excess  silicon  left  by  the  decompostion  reac¬ 
tion. 

5)  The  high  material  removal  rates  attained  in  laser 
machining  compared  to  those  experienced  in  diamond  grinding 
lead  to  a  favorable  economic  evaluation  of  the  former. 

For  slicing  operations  laser  machining  represents  a 
12-fold  improvement,  and  for  surfacing  operations  involving 
thin  or  complicated  parts  a  38-fold  increase  in  material 
removal  rate  is  predicted  as  compared  to  conventional 
diamond  grinding  methods. 
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ABSTRACT 


^A  laser  machining  process  for  shaping  non-solid  of  revolution  shapes 
with  a  high  power  carbon  dioxide  laser  operating  in  pulse  mode  was 
studied  and  developed.  Graphite  was  used  as  the  model  material  to  develop 
the  process  and  it  was  demonstrated  that  the  process  can  successfully  be 
adapted  to  machine  silicon  nitride. 

Materials  were  removed,  a  layer  at  a  time  and  by  controlling  the 
boundaries  of  the  layers;  a  contour  shape  can  be  formed.  A  detail 
parametric  study  was  conducted  to  determine  the  controlling  variables  in 
machining  grooves  and  layers.  The  affects  of  angle  of  beam  incidence  and 
polarization  on  groove  shape  was  studied  and  analysed  on  the  basis  of 
Fresnel's  Law  of  Reflection. 


Oistonion  introduced  by  reflections  at  the  end  of  »  layer  was  analysed 
and  corrected  by  reoriantatlonftilting)  of  the  workpiece-  with  respect  to  the 
optical  axis  of  the  laser  beam.  Smoother  surface  finishes  were  obtained  by 
defocussing  the  laser  beam  so  the  focal  plane  was  above  the  workpiece.^^^ 

Step,  convex  and  concave  shapes  were  machined  succesfully  in 
graphite  and  silicon  nitride  by  laser  machining  with  the  developed  process. 
Furthermore,  a  blind  orthogonal  corner  was  machined  successfully  in 
graphite  by  tilting  the  workpiece  about  two  axis  demonstrating  the 
possibility  in  machining  a  more  general  shape. 


xi 


1.1  Introduction 


Previous  work  of  Wallace,  Copley  and  Bass  has  established  the 
feasibility  of  shaping  ceramic  articles  with  a  high  power  CW  COj  laser.'^  A 
threaded  workpiece  of  hot  pressed  SijN^  was  shaped  with  a  laser  beam  on 
a  lathe  modified  for  laser  machining  to  demonstrate  the  potential  of 
machining  ceramics  in  a  turning  configuration.  The  mechanism  of  removing 
material  in  laser  machining  involves  vaporizing  the  material  with  the  intense 
laser  beam  to  form  a  groove.  A  straight  forward  analysis  was  developed 
based  on  the  overlapping  of  grooves  that  predicts  surface  roughness  and 
effective  material  removal  rate  as  a  function  of  process  parameters.  More 
recently,  Wallace  has  carried  out  a  detailed  investigation  of  laser  shaping  of 
Si^N^.^  He  has  studied  the  effect  of  beam  polarization  on  the  shape  of 
grooves, the  energetics  of  groove  formation'*  and  the  shaping  of  articles 
by  overlapping  grooves.'^  This  work  has  been  summarized  in  a  recent 
review  article  by  Copley.'* 

The  purpose  of  this  investigation  is  to  develop  an  approach  for 
producing  a  general  shape  with  a  high  power  laser  and  to  assess  its 
potential.  To  produce  a  general  shape,  material  is  removed  by  the  laser 
beam  a  layer  at  a  time  exerting  precise  control  over  the  boundaries  of  the 
removed  layers.  Figure  1.1.1  is  a  schematic  drawing  showing  the  formation 
of  a  contoured  surface  by  the  layer  removal  process. 


1. 1. 1  CONTOUR  APPROXIMATION  BY  STEPS  (LAYERS) 


The  potential  for  laser  shaping  appears  to  be  great  for  some  materials  that 
are  difficult  to  shape  by  conventional  grinding  processes.  Ceramics  such  as 
SiC,  SijN^,  and  AIN  are  examples  of  materials  that  can  bo  shaped 
successfully  with  this  process.  It  is  foreseeable  that  a  complete  category  of 
materials,  which  are  difficult  to  machine  with  conventional  processes, 
having  properties  that  couple  well  with  the  high  power  laser  and  that 
vaporize  under  intense  heat,  would  be  good  candidates  for  this  laser 


machining  process. 


2.1  Laser  System  and  Materials  Removal  Techniques 

The  high  power  carbon  dioxide  laser  used  in  this  study  is  a  Photon 
Source  Model  1003  laser.  The  laser  has  a  maximum  output  of  1250W 
continuous  power  at  10.6  microns,  it  is  also  equipped  with  a 
programmable  digital  controller  to  operate  the  laser  in  pulsed  mode  and  in 
a  variety  of  other  modes  electronically.  A  detailed  description  of  the  laser 
system's  construction,  controls,  and  characteristics  can  be  found  in  the 
manufacturer's  manuals.^  Table  2.1  is  a  brief  listing  of  the  specifications  of 
the  Model  1003  laser. 

Figure  2.1.1  is  a  block  diagram  of  the  systems  employed  in  the  laser 
machining  process.  The  laser  beam  is  stationary  and  the  workpiece  is 
translated  in  the  X>Y  direction  in  this  process.  The  focussing  lens 
assembly  is  mounted  on  a  translation  table  which  moves  in  the  Z 
direction.  Material  is  removed  by  irradiating  the  workpiece  in  a  controlled 
layer  by  layer  method.  A  layer  is  removed  by  overlapping  grooves. 

Grooves  can  be  formed  by  irradiating  the  surface  of  the  material  with  a 
CW  beam  or  with  a  pulsed  beam  to  produce  an  overlapping  series  of 
holes.  In  previous  work,  the  workpiece  was  rotated  making  beam  speeds 
of  10  -  100  cm/s  possible.  In  this  study  the  use  of  the  X-Y  translation 
stage  limited  beam  velocities  to  less  than  5  cm/s.  Since  the  depth  of  the 
layer  removed  depends  on  the  amount  of  energy  absorbed  locally, 
maintaining  a  suitable  layer  depth  at  such  a  low  beam  velocity  required 
decreasing  the  power.  However,  it  was  found  that  the  high  power  laser 
was  not  stable  when  operated  at  CW  powers  of  less  than  4S0W.  Thus,  an 
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Photon  Soureos  Modal  1003  Lasor 


Wavelength: 

10.6  micrometers 

Output  Power  Range: 

125  to  1250  watts 

Output  Power  Stability: 

2  percent,  8  hours 

Mode: 

TEMg,. 

Active  Discharge  Length: 

18  meters 

Beam  Diameter: 

1.8  centimeters  (1/e^) 

Beam  Divergence: 

2.2  milliradians 

Minimum  Pulse  Duration: 

100  microseconds 

Maximum  Repetition  Rate: 

1  kHjj 

Table  2.1  Laser  Performance  Characterictics^. 


alternative  approach  was  adopted:  namely,  operating  the  laser  in  a 
repetitively  pulsed  mode. 

If  the  depth  of  the  layer  being  formed  is  to  be  constant,  it  is 
necessary  to  deposit  equal  amount  of  energy  at  all  locations  being 
irradiated.  One  obvious  approach  is  to  maintain  constant  beam  velocity 
throughout  the  shaping  operation.  However,  this  approach  poses 
difficulties  because  the  mechanical  system  requires  time  to  accelerate  the 
workpiece  from  rest  to  constant  velocity  due  to  inertia.  During  the 
acceleration  of  the  workpiece  from  rest  the  irradiation  time  with  a 
repetitively  pulsed  beam  is  longer  than  that  when  the  workpiece  has 
attained  constant  velocity.  The  variation  in  velocity  will  result  in  an 
undersirable  variation  of  the  depth  of  the  groove  being  formed.  Figure 
2.1.2  is  a  photograph  showing  the  effects  of  velocity  in  machining  a  slot  in 
graphite  with  overlapping  grooves.  The  undercut  on  each  side  of  the 
bottom  is  due  to  the  acceleration  and  deceleration  of  the  workpiece.  More 
complicated  control  schemes  such  as  modulating  the  power  of  the  beam 
according  to  the  velocity  of  translation  have  been  considered  but  the 
response  time  and  the  duration  taken  for  the  beam  to  stabilize  at  a  certain 
power  will  again  causa  grooves  with  variable  depth  to  be  formed. 

Two  alternative  techniques  in  operating  the  laser  were  developed 
and  used  in  these  studies  to  avoid  some  of  the  control  problems.  The 
laser  was  operated  either  in  repetitively  pulsed  mode  or  under  a  pulse* 
move  protocol  depending  on  the  shaping  operation.  Operating  the  laser  in 
a  pulsed  mode  with  a  simple  pulse-move  protocol  eliminates  the  control 
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problems  associate  with  operating  the  laser  in  the  repetitively  pulsed 
mode.  The  protocol  insures  that  each  laser  pulse  is  completed  before  the 
workpiece  is  moved  to  the  next  location.  In  cases  when  it  is  possible  to 
have  ramp  up/down  distances  to  build  up  speed  of  the  workpiece  to 
constant  velocity  before  laser  pulsing  is  initiated,  the  repetitively  pulsed 
mode  is  employed.  This  alternative  technique  has  higher  material  removal 
rate  compare  to  the  pulse-move  approach. 

The  Z  axis(focussing  lens)  is  operated  in  an  open-loop  control 
fashion.  The  incremental  change  in  Z  after  each  layer  is  removed  was 
determined  experimentally  and  was  programmed  into  the  CNC  controller 
for  the  machining  process.  Deviation  of  the  actual  depth  of  cut  from  the 
programmed  values  during  machining  are  not  sensed  or  compensated  for 
in  this  control  algorithm.  A  closed-loop  control  algorithm  would  be 
superior  but  was  considered  to  be  too  complicated  and  difficult  to 
implement  for  this  process  at  this  time.  A  sensing  system  which  can 
operate  in  the  vicinity  of  a  plasma  plume  without  interfering  with  the 
shaping  process  would  have  to  be  developed  to  close  the  loop  for  this 
machining  process.  In  the  closed-loop  control  algorithm,  the  actual  depth 
of  material  removed  would  be  measured  with  a  sensor  and  supplied  to  the 
CNC  controller  for  the  contouring  computations.  Variations  in  the  depth  of 
cut  would  be  compensated  for  during  machining  with  this  algorithm. 


2.2  Laser  Beam  Delivery  System 


The  laser  beam  is  delivered  to  the  workstation  by  two  turning  mirrors 
Ml,  and  M2  as  shown  in  Fig.  2.2. V  The  mirror.  Ml,  is  a  water-cooled  copper 
mirror  installed  in  a  2  axis  mirror  mount  located  at  the  beam  exit  port  from 
the  laser  system  enclosure.  It  bands  the  laser  beam  90  degrees  in  the 
horizontal  plane  pointing  it  in  the  directon  of  the  workstation. 

The  mirror,  M2,  is  an  air-cooled  molybdenum  mirror  mounted  in  the 
turn  head  at  the  workstation.  It  bends  the  horizontal  beam  from  Ml,  90 
degrees  vertically  down  through  the  focussing  mechanism  towards  the  X,  Y 
translation  tables.  The  beam  path  between  the  two  turning  mirrors  is 
enclosed  with  aluminum  conduit  tubings  for  safety  reasons. 

The  focussing  mechanism  is  installed  on  the  Z  translation  table 
between  M2  and  the  X,  Y  translation  tables  of  the  CNC  system.  The 
focussing  lens  and  a  gas  delivery  system  are  mounted  to  this  mechanism. 
The  gas  delivery  system  provides  a  path  to  deliver  a  stream  of  gas  coaxially 
with  the  focussed  beam.  The  gas  can  exit  only  through  the  jet  nozzle 
mounted  at  the  bottom  of  the  inlet  chamber  of  the  gas  delivery  system. 

One  of  the  main  purposes  of  this  gas  is  to  provide  a  shield  for  the 
focussing  lens  from  the  products  produced  by  the  vaporizing  action  of  the 
laser  beam.  In  some  cases,  a  reactive  gas  is  used  for  gas-assisted 


machining  processes. 


2.3  Beam  Characterization 


The  profile  spatial  distribution  of  the  focussed  laser  beam  in  the 
region  of  the  focal  plane  is  determined  via  a  single  slit,  beam-scan 
experiment.  The  width  of  the  slit  was  approximately  20  microns.  A 
schematic  diagram  showing  the  experimental  set-up  is  given  in  Fig.  2.3.1. 

A  scan  across  the  beam  diameter  produces  a  power  versus  position 
trace  which  can  be  used  to  determine  the  spot  size  of  the  beam.  The 
translation  speed  and  slit  opening  are  carefully  matched  to  the  response 
time  of  the  detector  for  an  accurate  recording  of  the  beam  profile. 

A  series  of  scans  in  the  region  of  the  focal  plane  were  made  and  the 
respective  spot  sizes  calculated  by  the  1/e^  convention  were  plotted  in 
Fig.  2.3.2. 

The  polarization  of  the  laser  beam  was  measured  with  a  polarizer. 
The  beam  was  chopped  and  the  polarizer  was  placed  after  the  second 
turning  mirror.  The  measurement  indicates  that  the  electric  vector  E 
pointed  in  the  the  18  degrees  direction  as  shown  in  Fig.  2.3.3. 
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2.4  He-Ne  Beam  Alignment  System 


The  10.6  micron  carbon  dioxide  laser  beam  is  in  the  infra-red  region 
of  the  electromagnetic  spectrum  and  is  invisible  to  the  naked  eyes.  A 
remotely  acutuated  He-Ne  laser  is  incorporated  into  the  system  to  assist 
the  optical  alignment  procedures  in  the  machining  process.  The  He-Ne 
laser  emits  a  red  color  light  and  is  coaxially  aligned  with  the  main  carbon 
dioxide  laser  beam.  When  an  alignment  procedure  such  as  positioning  of 
the  workpiece  is  needed,  .the  He-Ne  laser  beam  is  switched  in  remotely  by 
inserting  a  mirror  in  the  beam  path  between  Ml  and  the  beam  exit  of  the 
laser  system.  Figure  2.4.1  is  a  photograph  of  the  He-Ne  Beam  alignment 
system.  The  visible  beam  is  carefully  aligned  to  the  carbon  dioxide  laser 
beam  so  all  external  optical  adjustments  can  be  done  with  the  He-Ne  beam. 
When  the  necessary  alignment  procedures  are  completed,  the  He-Ne  beam 
is  switched  out  of  the  beam  path  so  the  high  energy  beam  can  be  turned 


2.5  CNC  Systtm  and  Positioning  Tables 


The  Anomatic  11  computer  numerical  control  positioning  system 
employed  in  this  study  is  capable  of  operating  5  axes  simultaneously. 
However,  it  has  been  configured  only  to  operate  the  X,  Y  and  Z  axis  at  the 
current  time.  Detail  specifications  giving  the  capabilities  and  construction  of 
the  system  can  be  found  in  the  manuals  provided  by  the  manufacturer.  3  In 
the  course  of  this  investigation,  the  Anomatic  II  system  was  interfaced  to  a 
programmable  digital  controller(POC)  by  the  author  so  that  some  of  the 
laser  control  function  could  be  incorporated  into  computer  programs  written 
for  the  CNC  systems.  Figure  2.S.1  is  a  picture  of  the  CNC  system  with  the 
l3ser's  POC  controller. 

Laser  power,  program  sequence  on/off,  and  safety  shutter  on/off 
functions  can  be  actuated  by  the  CNC  controller  if  desired.  Operation 
details  and  schematics  for  the  interfaces  are  included  in  Appendix  I. 

The  Z  axis  translation  table  assembly  was  purchased  from  Anorad 
Corporation.[3l  It  has  70  mm  of  travel,  and  a  25  lines/mm  linear  encoder  for 
position  feedback.  The  mounting  brackets  and  accessories  to  integrate  the 
table  into  the  laser  machining  system  were  designed  and  fabricated  at  USC. 
The  X,  Y  tables  were  reconditioned  and  modified  for  use  with  the  Anomatic 
II  CNC  positioning  system.  These  tables  have  a  travel  of  140  mm,  1  mm 
pitch  leadscrews  and  100  lines/rev  rotary  encoders  for  position  feedback. 
The  maximum  speed  attainable  on  the  X,  Y  tables  are  5  cm/s.  All  axes  are 


equiped  with 


20X  logic  cards  for  their  position  feedbacks.  Tachcometers  mounted  at  the 
end  of  the  drive  motors  provide  velocity  feedback  of  the  respective  axis. 

The  computer  controlled  X.  Y  table  assembly  was  mounted  on  a  manual  X- 
Y-^  mounting  table  allowing  more  flexibility  in  positioning  the  assembly.  In 
addition,  a  Newport  elevator  platform  was  mounted  on  top  of  the  X,  Y  table 
assemblies  for  ease  of  raising  or  lowering  the  tilting  mechanism.'*’  Figure 
2.5.2  is  a  picture  of  the  Z  translation  table  with  the  focussing  mechanism 
and  Fig.  2.5.3  is  a  picture  of  the  various  table  assemblies. 

The  tilting  mechanism  was  assembled  with  two  Newport  rotary 
mounts  for  rotation  about  X  and  Y  axis.  The  axes  of  rotation  of  the  two 
mounts  intersect  each  other.  The  workpiece  mounting  platform  was  bolted 
to  the  X  rotation  mount  and  a  hold  down  bracket  was  bolted  to  the  base  of 
the  Y  rotation  mount  The  complete  mechanism  was  secured  to  the  elevator 
platform  by  bolting  down  the  hold  down  bracket  to  the  platform.  Figure 
2.5.4  is  a  picture  of  the  tilting  mechanism  assembly  mounted  to  the  elevator 


platform. 
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2.6  Programming  shapes  into  the  CNC  machining  system 


The  programming  techniques  used  to  define  shapes  to  be  machined 
for  the  Anomatic  system  are  similar  to  those  of  any  numerically  controlled 
system  used  to  generate  a  three  dimensional  shape.  The  shape  to  be 
made  is  defined  in  a  sat  of  orthogonal  axes,  namely  X,  Y  and  L  The 
outline  of  the  part  is  generated  by  stepwise  approximation.  Figure  2.6.1  is 
a  diagram  showing  the  reference  and  base  frames  of  the  coordinate 
systems  used.  The  reference  frame  is  a  set  of  coordinates  impeded  in  the 
tilting  mechanism  to  simplify  the  description  of  the  shape  to  be  made.  The 
origin  of  the  base  frame  was  carefully  chosen  to  be  at  the  intersection  of 
the  X,  Y  rotational  axis  of  the  rotation  table  assemblies  in  order  to  simplify 
the  transformation  computations.  Layers  of  materials  are  removed  starting 
from  the  top  of  the  stock  to  form  the  desired  shape.  Figure  2.6.2  shows  a 
generalized  flowchart  in  programming  a  shape  using  the  layer 
approximation. 

Step(1)  of  the  program,  'initialize  variables  and  system',  sets  the 
stepsize,  tilt  angle,  laser  power,  translation  speed,  amount  of  defocus, 
translation  distances,  starting  positions,  and  the  position  vector  P  in  the 
base  frame  pointing  to  the  origin  of  the  reference  frame. 

Step(2)  of  the  program,  'calculate  translation  vector*,  calculates  the 
translation  vector  T  as  defined  by  Eq.  3.4.4  and  Eq.  3.4.7  in  Sect.  3.4. 


INITIALIZE  (1) 
VARIABLES  & 
SYSTLMS 


STOP 


Fig.  2.6.2  GENERALIZED  aOWCHART  IN  PROGRAiWING  A  SHAPE 
USI.‘tf;<STEP)  UYER  APPROXIMATION 


Step(3)  of  the  program,  *if  done',  checks  if  the  last  layer  has  been 


machined.  If  yes,  the  machining  process  is  completed. 

Step(4}  of  the  program,  'move  to  start  position*,  computes  and 
moves  the  workpiece  to  the  proper  starting  position  in  the  base  frame. 

Step(5}  of  the  program,  'calculate  Y  limit  for  layer',  calculates  the  Y 
dimension  of  the  layer  to  be  removed.  The  Y  limits  vs  Z  distance  plot  will 
give  a  stepwise  approximation  of  the  profile  of  the  shape  to  be  formed. 

Step(6)  of  the  program,  'remove  1  layer*,  fires  the  laser  and  moves 
the  workpiece  accordingly  so  that  the  layer  of  material  is  removed  as 
specified.  The  workpiece  is  moved  according  to  the  pulse-move  protocol 
or  continuously  pulsed  and  translated  at  a  constant  velocity. 

Step(7)  of  the  program,  'compute  and  adjust  Z  for  the  next  layer*, 
computes  and  adjusts  the  focussing  lens  (Z  axis)  to  the  proper  position  in 
the  base  frame  to  machine  the  next  layer. 

Steps  (3)  through  (7)  are  repeated  until  the  machining  process  is 
completed.  The  flowchart  represents  the  general  format  in  programming  a 
shape  into  the  CNC  system.  The  shapes  to  be  formed  are  defined  in  the 
calculated  limits  in  each  of  the  X  and  Y  layers  being  removed. 


2.7  Procedures  to  set  up  coordinate  system  in  software 
It  is  of  great  importance  that  the  physical  position  of  the  reference  and 
base  frames  in  the  positioning  hardware  agrees  with  that  in  the  CNC 
system's  software.  The  set  up  procedures  are  described  in  the  following 
paragraphs. 

The  alignment  procedures  are  done  with  the  He-Ne  laser  alignment 
system  and  a  127  mm(5  in)  focal  length  salt  lens. 

The  elevator  platform  is  adjusted  such  that  it  is  76.2  mm(3  in)  above 
the  Y  translation  table.  The  tilt  mechanism  is  mounted  as  shown  in  Fig.2.5.4. 
The  rotational  axes  are  parallel  to  the  X*Y  tables'  translation  direction 
respectively.  The  tilt  angles  are  set  to  zero  on  both  mounts.  The  X,  Y  and  Z 
tables  are  sent  home^  and  the  position  counters  in  software  are  zero.  The 
X,  Y  tables  are  moved  to  the  middle  of  their  travel,  and  the  Z  axis  is  jogged 
down  manually  so  that  a  focussed  He~Ne  spot  can  be  seen  on  the 
mounting  platform  of  the  tilting  mechanism.  The  X,  Y  table  assembly  is 
manually  positioned  by  adjusting  the  cranks  of  the  X-Y  tables  on  the  base 
mount  till  the  He-Ne  spot  is  aligned  with  the  cross-hair  mark  on  the 
mounting  platform.  The  alignment  procedures  in  setting  up  the  origin  in  the 
X.  Y  plane  of  the  baseframe  is  completed. 


The  thickness  of  the  stock  to  be  used  in  the  machining  must  be 
known  to  set  up  the  proper  Z  coordinate  system.  Figure  2.7.1  shows  the 
respective  dimensions  used  in  the  set  up  procedures.  The  top  of  the 
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mounting  platform  has  been  set  to  be  25mm  above  the  X  rotational  axis. 
With  a  rectangular  block  of  thickness  t.  the  Z  distance  of  the  top  of  the 
workpiece  with  respect  to  the  base  frame  is  (25-rt)mm.  The  following 
procedures  are  executed  to  place  the  origin  of  the  reference  frame  at  the 
top  surface  of  the  workpiece.  The  focal  plane  of  the  lens  is  established  by 
the  method  as  described  in  Sect.  2.9.  The  physical  position  of  the  focal 
plane  (h  mm)  with  respect  to  the  Z  home  is  recorded.  The  Z  axis  is  sent 
home  and  the  position  counters  are  set  to  zero.  The  Z  axis  is  moved  to 
position  h.  and  the  position  counters  are  again  set  to  zero.  The  current  Z 
position  is  redefined,  with  an  offset  command,  in  software  to  be  (25-rt)mm. 
The  Z  position  ;  of  the  lens  is  now  properly  defined  according  to  the  base 
frame  coordinates  in  software.  Care  should  be  exercise  in  setting  the 
starting  position  variables  when  initializing  the  software.  The  position  of  the 
origin  of  the  reference  frame  can  be  relocated  by  redefining  the  position 
vector  P  in  software.  It  is  of  crucial  importance  that  the  physical  position  of 
the  focal  plane  of  the  lens  be  maintained  at  the  correct  position  after 
redefining  the  origin  of  the  reference  frame. 


2.8  Choic*  of  modoi  material 


The  purpose  of  this  study  is  to  develop  a  laser  machining  process. 
Graphite  was  chosen  as  the  model  workpiece  material  for  the  following 
reasons: 

1.  It  has  homogeneous  properties 

2.  It  is  relatively  inexpensive 

3.  It  is  readily  available  in  many  forms  and  shapes 

4.  It  does  not  generate  hazardous  by-products  during  vaporization 

5.  A  simple  vacuum  cleaner  system  is  sufficient  to  remove  the  by¬ 
products 

6.  It  has  high  absorptivity  at  10.6  micron 

7.  It  consists  of  a  singie  element  (Carbon) 

8.  It  can  be  easily  handled 

More  specifically.  Poco  Graphite  type  CZR-1  was  used  throughout  this 
study.''  A  preliminary  sat  of  experiments  were  conducted  to  demonstrate 
that  it  is  possible  to  machine  graphite  with  the  COj  laser  beam.  Grooves 
were  cut  successfully  in  graphite  blocks  translating  at  40  mm/sec  with  a 
beam  of  power  level  between  400  to  1000W,  focussed  with  a  127mm(5  in) 
focal  length  lens.  The  grooves  formed  in  graphite  were  comparable  in  size 
and  shape  to  those  machined  in  SijN^  in  previous  studios. 

In  conventional  machining  processes  such  as  turning,  milling,  drilling, 
various  materials  require  different  feeds,  tool  geometries,  spindle  speeds 
etc.  It  is  reasonable  to  anticipate  a  similar  variation  in  the  set  of  control 


variables  when  different  materials  are  being  laser  machined.  Identifying  such 
parameters  is  an  objective  of  this  investigation. 


2.9  Procedures  in  setting  focus  on  workpiece 

The  focal  plane  of  the  focussing  lens  in  the  base  frame  is  determined 
experimentaliy.  A  piece  of  carbon  steel  of  known  thickness  is  placed  on  top 
of  the  workpiece  to  be  machined.  The  laser  is  set  at  an  average  power  of 
700  W  cavity  power,  pulse-width  of  10  ms,  and  a  pulse  repetition  rate  of 
approximately  1  Hertz.  The  Z  axis  is  brought  within  range  of  focus  manually 
using  the  jog  buttons  on  the  CNC  system.  A  blue-white  color  plasma  is 
generated  when  the  lens,  is  in  the  range  of  focus.  After  the  lens  is  brought 
into  range  of  focus,  the  ‘range  of  focus'  software  is  executed  to  locate  the 
focal  plane  of  the  focussing  lens.  The  software  follows  the  Z  position  of  the 
lens  from  the  physical  home  of  the  Z  axis,  fires  a  pulse  at  a  specific  X 
location  and  Z  sotting,  moves  the  translation  stages  to  new  X  and  Z 
settings,  fires  the  laser  again  and  repeats  the  process  till  the  defined  range 
of  Z  has  been  covered.  The  steel  sample  is  then  removed  from  the 
workstation  and  studied  under  a  microscope.  The  holes  made  by  the  laser 
pulses  are  compared  to  their  respective  Z  positions  with  the  computer  print 
out.  The  focal  plane  is  identified  as  the  Z  distance  associated  with  the 
deepest  hole.  In  the  event  that  a  group  of  holes  have  similar  depth,  the 
mean  Z  distance  of  the  group  is  used  to  establish  the  focal  plane.  The  focus 
on  the  top  surface  of  the  workpiece  would  be  the  Z  distance  determined  by 
the  above  method  plus  the  thickness  of  the  steel  plate.  The  amount  of 
defocussing  is  determined  in  referenced  to  the  established  focal  plane. 

Figure  2.9.1  is  a  diagram  illustrating  the  convention  used  in  defining  the 
appropriate  signs  for  defocussing. 
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3.1  Important  Variablas 


One  of  the  objectives  of  this  study  is  to  identify  the  essential  control 
variablas  pertinent  to  laser  shaping  processes.  Many  of  the  variables  are 
related  to  each  other  in  a  complicated  fashion  and  can  vary  from  material 
to  material.  Wallace  has  discussed  how  various  variables  affect  the  depth  of 
material  removed  and  surface  roughness  in  a  continuous  wavs  laser 
machining  process.^  The  variables  identified  in  Wallace's  work  can  be 
summarized  as  follows; 

1.  focussed  spot  sizefdepends  on  the  focal  length  of  the  focussing 
lens,  the  diameter  of  the  unfocussed  beam,  and  the  wavelength 
of  the  laser); 

2.  focal  plana  position  with  respect  to  surface  to  be  irradiated; 

3.  power  of  the  laser 

4.  velocity  of  translation  of  workpiece; 

5.  type  of  shielding  gases  and  flow  rate; 

6.  cross-feed  when  overlapping  grooves;  and 

7.  polarization  of  the  laser  beam. 

When  a  workpiece  is  irradiated  by  a  repetitively  pulsed  beam,  the  duty 
cycle  of  the  pulses  and  the  translation  velocity  of  the  workpiece  together 
contribute  to  the  actual  dwell  time  of  irradiation  on  the  workpiece.  In  the 
case  when  machining  is  performed  under  pulse-move  protocol,  the  dwell 
time  of  irradiation  on  the  workpiece  will  depend  only  on  the  on-time 
duration  of  the  laser  pulse  fired.  Figure  3.1.1  shows  the  timing  relationship 


between  the  laser  pulses  and  the  translation  of  the  workpiece  under  pulse- 
move  protocol  and  Fig.  3.1.2  shows  the  case  when  the  workpiece  is 
translated  at  constant  velocity. 

It  is  necessary  to  acquire  quantitative  data  about  the  effects  of 
various  control  variables  on  the  laser  machining  process  before  experiments 
to  machine  contour  shapes  can  be  performed.  A  preliminary  set  of  criteria 
based  on  surface  finishes  and  depth  of  cuts  were  used  to  determine  the 
settings  of  various  key  controlling  variables.  It  is  crucial  to  have  sufficient 
overlap  of  holes  when  forming  a  groove  and  sufficient  overlapping  between 
grooves  to  form  a  surface  with  an  acceptable  finish.  Furthermore,  the  depth 
of  cut  desired  is  chosen  to  be  around  0.1  mm  so  that  an  accurate 
approximation  of  a  contour  can  be  produced.  A  sequence  of  parametric 
experiments  were  conducted  to  determine  the  appropriate  settings  of  laser 
power,  duty  cycle  of  pulses,  step  sizes(feed)  in  X,  Y  and  Z  directions, 
amount  of  defocussing(focal  plane  position  with  respect  to  machining 
surface),  translation  velocity  and  orientation  of  the  laser  beam's  polarization 
vector.  The  grooves  and  surfaces  machined  were  studied  under  a 
microscope  to  determine  when  the  desired  settings  had  been  found. 

Several  sets  of  experiments  were  conducted  to  determine  the 
appropriate  settings  of  laser  power,  duty  cycle  of  pulses,  and  translation 
velocity  for  satisfactory  overlapping  of  holes  in  forming  grooves.  Ranges  of 
values  of  variables  in  various  combinations  were  tried.  Laser  cavity  power 
between  400  to  1100  W  was  investigated  and  a  power  of  around  800  W  was 
•chosen  for  the  experiments.  The  maximum  translation  speed  was  limited  by 
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the  design  of  the  X,  Y  tables  to  less  than  5  cm/s,  and  it  was  found  that  the 
tables  could  be  translated  at  a  speed  of  4  cm/s,  reproducibly,  and  that 
speed  was  chosen  for  constant  velocity  translation  experiments. 

After  values  for  laser  power  and  translation  velocity  had  been  chosen, 
studies  were  conducted  to  determine  the  appropriate  duty  cycle  settings  of 
the  laser  pulses  for  workpiece  moved  at  constant  velocity  at  72  degrees  to 
the  polarization  vector.  The  grooves  in  this  study  were  cut  at  focus  and  the 
focal  plane  of  the  lens  on  the  workpiece  was  established  according  to  the 
procedures  described  in  Sect.  2.9.  Ranges  of  on-time  and  off-time  for  the 
duty  cycle  of  the  pulses  were  tried.  Effects  of  varying  the  on-time  cycle 
was  studied  first.  The  on-time  cycle  was  varied  from  0.1  ms  to  5  ms  while 
the  off-time  cycle  was  fixed  at  1  ms.  it  was  discovered  that  the  laser  does 
not  fire  consistently  at  on-time  cycles  of  less  than  0.3  ms.  At  0.5  ms  on- 
time  cycle,  the  grooves  machined  appeared  to  have  sufficient  overlap  and 
depth(approximately  0.1  mm).  At  higher  on-time  cycle,  the  depth  of  the 
grooves  became  much  deeper  than  0.1  mm,  which  was  not  desirable  for 
this  machining  process. 

In  the  next  set  of  experiments,  the  on-time  cycle  of  the  laser  pulse 
was  fixed  at  0.5  ms  and  the  off-time  cycle  was  varied  from  0.5  ms  to  5  ms. 
It  was  discovered  that  at  1  ms  off-time  cycle,  sufficient  overlap  of  holes 
was  obtained  .  At  longer  off-time  cycles,  insufficient  overlapping  of  holes 
become  apparent.  Based  on  the  results  of  these  experiments,  duty  cycle 
settings  of  0.5  ms  on  and  1  ms  off  were  chosen  for  further  experiments  in 
this  investigation. 
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It  was  aisc  necessary  to  determine  the  appropriate  pulse  on-time 
and  holes  spacing  when  machining  with  the  pulse-move  protocol.  The  on- 
time  of  the  laser  pulse  was  fixed  at  1  ms  for  this  study.  The  distances 
between  successive  holes  were  varied  from  .05  mm  to  0.3  mm.  It  was 
discovered  that  0.1  mm  between  successive  holes  provide  adequate 
overlapping  in  forming  a  groove  under  these  operating  conditions. 
Insufficient  overlapping  of  holes  become  obvious  when  the  distances 
between  holes  were  set  greater  than  0.15  mm.  A  longer  on-time  pulse 
was  needed  in  these  experiments  to  produce  similar  overlap  as  in  the 
repetitively  pulsed  experiments.  The  holes  spacing  were  further  apart  than 
those  in  the  repetitively  pulsed  experiments.  The  effective  holes  spacing  in 
the  continuously  pulsed  experiments  were  0.04  mm. 

After  appropriate  values  of  the  essential  variables  to  make  grooves 
had  been  chosen,  the  effects  of  focal  plane  position  and  laser  beam's 
polarization  orientation  with  respect  to  machining  surface  were  studied.  A 
set  of  experiments  with  a  repetitively  pulsed  beam  at  normal  incidence 
were  conducted.  Different  translation  directions  with  respect  to  the 
polarized  laser  beam's  electric  vector  were  used  in  the  experiments.  Figure 
3.1.3  is  a  series  of  pictures  showing  the  profile  of  grooves  machined  with 
various  amounts  of  defocussing  and  different  translation  direction 
orientations  with  respect  to  the  electric  vector  of  the  beam. 

It  can  be  seen  in  Fig.  3.1.3  that  within  1  mm  of  the  focal 
plane(defocus«0  mm),  the  cross-sections  of  the  grooves  have  very 
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linie  difference  in  appearance.  In  that  region  of  the  focussing  range,  the 
grooves  have  very  sharp  bottoms  and  depths  in  excess  of  O.t  mm.  Further 
away  from  the  focal  plane,  the  grooves  have  become  broader  in  width, 
shallower  in  depth,  and  the  bottom  of  the  grooves  are  not  as  sharp.  Such 
grooves  are  more  desirable  for  this  machining  process  than  those  with 
sharp  bottoms.  An  unusual  shape  was  observed  for  grooves  cut  at 
orientation  of  135  degrees  to  the  electric  vector  with  defocussing  greater 
than  2  mm.  Similar  profiles  were  seen  in  the  beam  scan  experiment's 
results.  The  profile  is  presumably  a  characteristic  spatial  distribution  of  the 
laser  beam  at  that  particular  orientation  and  level  of  defocussing. 

Furthermore,  it  can  seen  in  Fig.  3.1.3  that  there  were  significant 
differences  in  depth  of  cut  among  grooves  machined  with  the  beam 
defocussed  between  -1.5  mm  and  -2  mm.  The  grooves  closer  to  the  focal 
plane  were  relatively  deeper.  This  observation  suggests  that  focussing  the 
laser  beam  above  the  surface  might  have  a  smoothing  effect  on  the  surface 
finish.  In  this  case,  the  peaks  of  the  surface  would  be  closer  to  the  focal 
plana  than  the  valleys,  and  thus  more  material  will  be  removed  from  the 
peaks  than  the  valleys  producing  the  smoothing  effect. 

A  set  of  experiments  to  determine  the  overlapping  distances  between 
grooves  to  form  layers  were  conducted.  Continuously  pulsed  and  pulse- 
move  operations  of  the  laser  were  used  in  this  investigation.  A  range  of 
overlapping  distances  between  .05  mm  to  0.3  mm  were  tried.  The 
workpieces  were  machined  at  focus  and  above  focus.  In  both  mode  of  laser 
operations,  it  was  found  that  a  good  surface  finish  was  attainable  with  a 
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defocussed  beam  of  -2  mm  with  0.1  mm  overlap  between  grooves.  The 
surface  finish  was  fairly  rough  when  the  beam  was  at  focus  with  the  same 
overlapping  distances.  Insufficient  overlap  between  grooves  became 
apparent  when  the  overlapping  distances  were  greater  than  0.15  mm. 

All  ..f  the  variables  mentioned  above  affect  the  amount  of  material 
removed  to  some  extent;  however,  laser  beam  power,  pulse  on-time, 
amount  of  defocussing,  and  the  dwell  time  were  found  to  be  the  the 
dominant  factors  in  vaporizing  material.  The  choice  of  shielding  gas  such  as 
nitrogen,  carbon  dioxide,  oxygen  and  helium  did  not  seem  to  have  a 
significant  effect  on  the  amount  of  material  removed.  However,  workpieces 
machined  with  oxygen  as  a  shielding  gas  have  the  least  carbon  deposited 


on  the  finis  d  surface. 


3.2  Shaping  Experiments 


With  knowledge  gained  from  previous  experiments  about  machining 
grooves  and  layers,  this  investigation  proceeded  to  machine  a  common 
shape  in  making  machine  parts.  A  step  as  shown  in  Fig.  3.2.1  was 
attempted.  The  shape  was  machined  by  removing  material  layer  by  layer 
with  a  normally  incident,  focussed  beam.  The  control  variables  settings 
used  were  those  determined  in  Sect.  3.1.  The  laser  was  continuously 
pulsed  at  780  W.  with  duty  cycles  of  O.S  ms  ON  and  1.0  ms  Off.  The 
workpiece  was  translated  at  40  mm/s  in  an  orientation  of  72  degrees  to 
the  electric  vector  of  the  laser  beam.  It  was  discovered  that  the  shape 
produced  by  this  machining  process  was  distorted  from  the  designed 
shape.  The  distortions  of  the  shape  is  shown  in  Fig.  3.2.2.  Apparently, 
difficulties  were  encountered  when  the  slope  of  the  machined  surface 
became  steep.  Materials  were  not  removed  as  anticipated.  The  problem 
appeared  to  be  a  reduction  of  laser  beam  absorption  on  the  steep  sloped 
surface  resulting  in  a  decrease  of  material  being  removed  on  the  surface. 
The  effect  propagates  as  more  layers  were  removed  and  a  sloped  side 
wall  was  formed. 

The  material  vaporization  process  requires  the  power  density  of  the 
focussed  beam  to  exceed  a  certain  threshold.  The  amount  of  material 
removed  depends  on  the  amount  of  energy  absorbed  by  the  irradiated 
spot  which  can  be  influenced  strongly  by  the  angle  between  the  incident 
rays  and  the  eroding  surface.  The  reflectance  of  the  beam  increases  with 
an  increasing  incident  angle  as  stated  in  Fresnel's  Law  of  Reflection.^ ^  In 
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Fig.  3.2.3,  the  cross-section  of  a  trail  as  it  was  formed  by  a  normally 
incident  beam  is  illustrated.  As  the  matarial  was  vaporized,  the  angle 
between  the  incident  rays  and  the  eroding  right  surface  wall  increases. 

After  a  small  time  of  irradiation,  the  right  surface  will  be  making  a  very 
steep  angle  with  the  incident  rays.  Consequently,  most  of  the  beam  energy 
was  reflected  and  the  relative  material  removal  rata  was  drastically 
reduced  at  that  surface.  As  more  layers  ware  removed,  this  slight  slant  at 
the  end  of  each  layer  will  reflect  the  beam  and  eventually  formed  the 
sloped  side  wall.  Regardless  of  the  shape  being  machined,  this  slight  slant 
on  the  surface  would  be  formed  when  the  beam  is  vaporizing  the  end  of  a 
layer.  The  effect  would  be  more  pronounced  when  a  blind  corner  is 
machined.  Both  side  walls,  forming  the  corner,  would  be  sloped. 

Furthermore,  due  to  the  relationship  of  reflectance,  the  orientation  of  the 
incident  plane  and  the  electric  vector  as  stated  in  Fresnel's  Law,  the 
orientation  of  the  wall  with  respect  to  TE  reflection  of  the  beam  should 
also  affect  the  slope  of  the  side  wall.  It  may  be  possible  to  correct  the 
sloped  wall  distortion  by  orienting  the  side  wall  appropriately  with  respect 
to  the  electric  vector.  The  appropriate  orientation  of  the  side  wall  with 
respect  to  the  electric  vector  so  that  TM  reflections  would  be  on  the  side 
wail.  The  increase  in  absorption  may  perhaps  remove  the  sloped  wall 
distortion  as  seen  in  early  experiments. 

Two  crucial  experiments  were  conducted  to  verify  the  reflection 
hypothesis.  Experiments  were  performed  to  study  the  effects  of 
polarization  orientation  on  the  slope  of  the  side  wall.  Steps  of  a  few 
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millimeters  deep  were  cut  with  a  continuously  pulsed  focussed  beam  at 
normal  incidence  with  velocity  vector  parallel  (0  degrees  to  TE)  and 
perpendicular  (90  degrees  to  TE)  to  the  electric  vector  TE.  The  results 
were  shown  in  Fig.  3.2.4  and  Fig.  3.2.S.  The  slope  on  the  side  wall  was 
more  severe  in  the  translation  orientation  of  0  degrees  than  that  of  90 
degrees.  The  findings  were  in  good  agreement  with  Fresnel's  Law  of 
Reflection.  At  the  orientation  of  0  degree,  the  side  wall  received  TE 
reflections  which  were-  less  absorptive  than  the  TM  reflections. 
Consequently,  less  material  was  removed  and  the  side  wall  was  formed 
with  a  greater  slope.  On  the  contrary,  at  orientation  of  90  degrees,  the 
side  walls  received  more  absorptive  TM  reflections,  more  material  was 
removed  and  the  side  wall  formed  was  not  sloped  as  much.  As  can  be 
seen  in  the  data,  reorientation  of  the  velocity  vector  with  respect  to  TE 
was  not  sufficient  to  correct  the  distortion  in  the  side  wall,  extra  measures 
have  to  be  taken  to  further  increase  the  absorption  on  that  surface  to 
remove  the  distortion  completely. 

This  hypothesis  suggested  that  increasing  the  absorption  on  the 
steep  surface  could  probably  correct  the  distortion.  Reorientating  the 
workpiece  with  respect  to  the  optical  axis  of  the  laser  beam  could  further 
reduce  the  angle  of  incident  which  in  turn  will  increase  the  absorption  on 
the  steep  surface.  A  schematic  of  the  suggested  solution  is  illustrated  in 
Fig.  3.2.6.  The  workpiece  was  tilted  at  an  angle  theta  with  respect  to  the 
horizontal.  As  material  was  being  vaporized  away,  the  effective  incident 
angle  of  the  rays  with  respect  to  the  right  surface  was  reduced  by  angle 
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theta  because  of  the  tilted  workpiece.  The  reduced  incident  ray  angle 
increases  the  absorption  to  that  surface  and  hence  relatively  more 
material  will  be  vaporized  from  the  surface.  Therefore,  it  is  possible  to  cut 
a  relatively  vertical  side-wall  with  a  reoriented  workpiece.  As  more  layers 
are  removed,  the  vertical  side-wall  can  be  preserved. 


3.3  Effects  of  tilting  workpiece 


It  has  been  postulated  by  the  author  that  a  vertical  side-wall  parallel 
to  the  xz  plane  of  the  reference  frame  can  be  machined  if  the  workpiece 
was  oriented  appropriately  to  the  optical  axis  of  the  beam(in  the  direction 
of  vertical  Z  axis  in  base  frame).  A  vertical  side-wall  parallel  to  the  xz 
plane  can  be  machined  by  tilting  the  workpiece  about  the  x  axis(translation 
direction)  as  shown  in  Fig.  3.3.1.  Similarly,  a  vertical  side  wall  parallel  to 
the  yz  plane  can  be  machined  by  tilting  the  workpiece  about  the  y 
axis(translation  direction)  as  shown  in  Fig.  3.3.2.  The  change  in  orientation 
between  the  beam  and  workpiece  can  be  accomplished  either  by  tipping 
the  laser  beam  or  tilting  the  workpiece.  Beam  tilting  would  have  required 
extensive  modification  of  the  current  beam  delivery  system  whereas 
workpiece  manipulation  was  less  complicated  and  more  adaptabie  to  the 
CNC  positioning  system.  The  latter  approach  was  chosen  for  this  study. 

A  set  of  experiments  was  conducted  to  gain  insight  concerning  the 
effects  on  a  workpiece  machined  by  a  non-normal  incident  beam.  The 
depth  and  shape  of  grooves  formed  on  workpieces  translating  at  different 
direction  with  respect  to  the  polarization  vector  of  the  beam  were  studied. 
The  experiments  involve  machining  grooves  at  different  tilt  angles  with 
translation  direction  (direction  of  X  axis  in  base  frame)  at  0,  45,  90,  135 
degrees  with  respect  to  the  polarization  vector  of  the  laser  beam.  The 
workpiece  was  tilted  about  the  X  axis  in  a  clockwise  direction  as  shown  in 
Fig.  3.3.1. 


The  laser  was  operated  in  continuous  wave  instead  of  pulsed  mode 
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to  avoid  the  cross  sections  non-uniformity  of  grooves  formed  by 
overlapping  holes.  The  power  of  the  laser  was  set  at  325  W  to  cut 
grooves  of  depth  in  the  range  of  0.1  to  0.2  mm. 

Special  handling  of  the  laser  power  controls  was  necessary  to 
stabilize  the  low  power  operating  conditions.  With  the  safety  shutter 
closed,  the  laser  was  turned  on  at  700  W  for  3  seconds  to  insure  all  the 
plasma  tubes  were  firing,  then  the  power  was  lowered  to  325  W  and  held 
there  for  3  seconds  for.  stabilization  at  that  power.  The  safety  shutter  was 
then  open  and  a  groove  was  cut  in  the  workpiece  that  was  translated 
under  the  beam  at  5  cm/s.  This  process  was  repeated  for  every  groove 
machined  in  the  tilted/polarization  orientation  experiments. 

The  workpiece  was  mounted  on  the  platform  of  the  rotation  table 
assembly  and  was  rotated  to  the  desired  angle  as  needed.  In  the 
experiment,  the  tilt  angle  about  X  axis  was  set  at  0  degrees  initially  and 
was  incremented  2  degrees  after  a  groove  was  cut.  The  proper  position  of 
focus  was  tracked  by  the  CNC  system  as  the  tilt  angle  was  changed. 

Figure  2.3.3  shows  the  conventions  used  in  measuring  the  angles  between 
the  translation  vector  and  the  polarization  vector  for  the  experiments.  In 
Fig.  3.3.3,  the  profiles  of  the  grooves  machined  are  shown  in  a  series  of 
photographs. 

It  can  be  seen  in  the  series  of  photographs  in  Fig.  3.3.3  that  there 
were  significant  differences  between  grooves  machined  at  different 
orientations.  Grooves  machined  at  tilt  angles  of  less  than  10  degrees 
appeared  symmetrical  at  different  orientations.  As  the  tilt  angle  is 
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increased,  grooves  began  cutting  into  the  material  in  the  direction  of  the 
incident  beam.  Furthermore,  at  tilt  angles  above  30  degrees,  grooves 
translated  at  different  direction  with  respect  to  the  polarization  vector  of 
the  beam  have  dramatically  different  profiles.  At  0  degrees  to  the 
polarization  vector,  the  grooves  formed  were  sharp  and  curved  into  the 
material.  At  45  and  90  degrees,  the  grooves  were  breeder  and  flaner  at 
the  bottom.  At  135  degrees,  the  grooves  were  narrow  in  width  and  sharply 
pointed  at  the  bottom. 

The  formation  of  the  shapes  of  grooves  at  different  polarization 
orientation  can  be  understood  by  applying  Fresnel's  Law  of  reflection  of 
polarized  light.' ^  Differences  in  reflectance  between  the  TE  and  TM 
reflections  of  the  polarized  beam  on  the  respective  surfaces  contribute  to 
the  variations  in  the  shapes  of  the  grooves  formed.  Wallace  has  discussed 
the  formation  of  curve  grooves  cut  by  a  normally  incident  beam.®-'®  The 
extreme  cases  of  reflections  at  tilt  angles  of  greater  than  40  degrees  were 
examined  in  this  study  for  the  different  polarization  orientations. 

The  two  reflection  vectors  are  designated  TM(transverse  magnetic) 
and  TE  (transverse  electric)  reflections.  The  TM  reflection  is  produced 
when  the  incident's  beam  E  vector  is  in  the  plane  of  incidence  while  the 
TE  reflection  is  produced  when  the  E  vector  is  perpendicular  to  the  plane 
of  incidence.  The  reflectance  of  TE  and  TM  are  the  same  at  incident  angles 
of  0  and  90  degree.  For  incident  angles  in  between  0  an  90,  TE  has  a 
higher  reflectance  than  TM.  In  relative  terms,  TM  would  be  more  strongly 
absorbed  on  a  surface  than  TE. 
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Figure  3.3.4  shows  the  effects  of  tilting  on  the  side-walls  of  a 
groove.  The  effective  incident  angle  is  increased  on  the  highside(H)  and 
reduced  on  the  lowside(L).  The  *H*  and  notations  are  used  in  Fig.  3.3.5 
and  Fig.  3.3.6  to  identify  the  tilt  orientation  for  the  grooves. 

In  Fig.  3.3.5  and  Fig.  3.3.6,  the  top  and  side  views  of  grooves  formed 
in  the  four  different  polarization  orientations  are  shown.  The  reflections  at 
locations  of  interest  are  labelled  from  1  to  14  in  the  figures.  A  plane  of 
incidence  is  assumed  at  each  labelled  location.  The  tilt  orientation  can  be 
determined  from  the  *H*  and  *L'  labels.  In  Fig.  3.3.5,  for  the  case  when  the 
velocity  vector  is  parallel  to  the  E  vector,  the  reflected  rays  at  locations  1, 
3  are  TE  reflections  and  2  is  a  TM  reflection.  Due  to  the  direction  of  the 
tilted  angle  and  reflections  from  rays  1,2  and  3,  the  grooves  formed  are 
expected  to  be  narrow  and  steep.  For  the  case  when  the  velocity  is  at  90 
degrees  to  the  E  vector,  the  reflected  rays  at  locations  4  and  6  were  TM 
reflections  and  they  were  more  strongly  absorbed  and  a  boarder  groove 
with  a  smoother  bottom  was  expected.  In  Fig.  3.3.6,  for  the  case  where  the 
velocity  vector  is  at  45  degree  to  the  E  vector,  location  8  is  a  TE  reflection 
whereas  location  7  is  a  TM  reflection.  The  surface  at  location  7  would  be 
cut  deeper  relative  to  location  8  forming  a  broader  and  smoother  bottom 
groove.  If  the  velocity  vector  is  reversed  in  direction,  the  TE  and  TM 
reflections  would  be  switched  on  the  side-wall  as  indicated  by  labels  9 
and  10.  For  the  case  when  the  velocity  vector  is  at  135  degree  to  E, 
location  11  is  a  TE  reflection  and  location  12  is  a  TM  reflection.  The 
groove  formed  is  expected  to  be  sharp  and  narrow  because  most  of  the 
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material  removed  would  be  on  the  side  of  12  due  to  absorption  of  TM  and 
reflection  of  TE  from  11.  If  the  direction  of  the  velocity  vector  is  reversed 
in  direction,  the  TM  and  TE  reflections  would  be  switched  on  the  side¬ 
walls  on  the  grooves  as  indicated  by  labels  13  and  14. 

The  data  from  these  experiments  supported  the  idea  that  tilting  the 
workpiece  could  be  used  to  control  shape  distortion.  Studies  were 
conducted  to  determine  the  effects  of  tilts  on  machining  layers. 


3.4  Layer  removal  on  a  tilted  workpiece 


Results  of  Sect.  3.3  suggest  that  tilting  the  workpiece  can  be 

employed  to  control  the  slope  of  the  vertical  side  formed  at  the  end  of  a 

layer.  Maintaining  that  vertical  geometry  on  each  layer  is  crucial  in  forming 

a  contour  shape  by  stepwise  approximation.  The  CNC  positioning  system 

operates  in  an  orthogonal  X-Y-Z  coordinate  system.  If  the  workpiece's 

position  and  orientation  are  changed  by  tilting,  it  is  necessary  to  transform 

the  coordinates  of  the  workpiece  from  the  reference  frame  to  the  base 

frame  of  the  CNC  system.  The  transformation  is  accomplished  by  applying 

» 

the  corresponding  transformation  matrices  to  the  coordinates  in  the 
reference  frame.^ 

The  reference  frame  is  a  set  of  coordinates  imbeded  in  the  tilting 
mechanism  to  simplify  the  description  of  the  shape  to  be  made.  The  origin 
of  the  base  frame  was  carefully  chosen  to  be  at  the  intersection  of  the  X,  Y 
rotational  axes  of  the  rotation  table  assembly  in  order  to  simplify  the 
transformation  computations. 

A  diagram  showing  the  reference  and  base  frames  is  given  in  Fig. 

2.6.1.  The  position  vector  P  points  at  the  origin  of  the  reference  frame  when 
there  is  no  rotation  about  either  the  X  or  Y  axis.  The  format  of  an  empirical 
transformation  equation  is  shown  in  Eq.  3.4.1. 


X  >  coordinate  in  base  frame 
T  ■  transformation  matrices 
X  *  coordination  in  reference  frame 

Equation  3.4.2  is  the  matrix  equation  to  compute  the  position  of  the 
workpiece  in  the  base  frame  after  rotation  about  the  X  axis. 

(X,Y,Z,1)  =  Rot(x,i)  *  Tran(T)  *  (x,y,2,l)^  .  (3.4.2) 


Equation  3.4.3  shows  the  corresponding  components  in  matrices  of 
Eq.3.4.2. 
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The  translation  vector  T  points  to  the  reference  frame’s  origin  after 
the  rotation  about  the  X  axis.  T  can  be  computed  by  applying  the  rotational 
transformation  matrices  on  vector  P  as  shown  in  Eq.  3.4.4. 

(T^.Ty.Tz.l)  =  Rot(x,^)  *  .  <3.4.4) 


In  the  case  when  the  workpiece  is  tilted  about  the  X  axis,  after  focus 
On  the  workpiece  has  been  established,  motion  in  the  X  direction  requires 
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no  transformation  computation  to  maintain  proper  focus  at  the  spot  of 
irradiation.  However,  any  movement  in  the  Y  direction  will  require  a 
corresponding  movement,  as  defined  by  the  transformation  computations,  in 
the  Z  direction  so  that  proper  focus  on  the  workpiece  is  maintained. 


In  experiments  where  the  workpiece  is  tilted  about  the  X  and  the  Y 
axis,  an  additional  rotation  about  Y  transformation  matrix  is  needed  in  the 
matrix  transformation  equation.  Equation  3.4.5  is  the  matrix  transformation 
equation  for  computing  the- position  of  the  workpiece  after  rotations  about 
X  and  Y  axis.  The  corresponding  components  of  the  matrices  are  shown  in 
Eq.  3.4.6.  The  translation  vector  T  in  this  case  is  computed  by  applying  the 
rotational  transformation  matrices  on  vector  P  as  shown  in  Eq.  3.4.7. 

(X,Y,Z,1)  =  Rot(y,6)*Rot(x,i)*Tran(T)*(x,y,2,l)'’^  .  (3.4.5) 
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(T^.Ty.T^.l)  =  Rot(y,9)  *  Rot(x,<j)  * 


(3.4.7) 
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When  the  workpiece  is  tilted  about  the  X  and  Y  axis,  any  movement 
the  X  or  Y  direction  will  require  a  corresponding  Z  movement  so  that 
proper  focus  is  maintained  on  the  workpiece.  The  amount  of  movement  in 
the  Z  direction  is  computed  by  the  corresponding  matrix  equations. 


3.5  Studies  on  machining  a  tilted  workpiece 

The  basic  approach  of  the  laser  machining  process  involves 
overlapping  holes  to  form  grooves  and  overlapping  grooves  to  form  a 
layer.  The  amount  of  overlapping  of  the  holes  and  grooves  strongly 
influence  the  smoothness  of  the  resulting  surface  finish.  As  discussed  in 
Sect.  3.1  a  highly  focussed  beam  cut  very  steep  grooves.  Overlapping 
steep  grooves  form  a  rather  rough  surface.  Alternatively,  a  defocussed 
beam  cuts  grooves  that  are  not  steep  and  a  smooth  surface  can  be 
formed. 

Surfaces  machined  on  a  tilted  workpiece  with  a  defocussed  beam 
are  most  relevent  to  laser  machining  because  this  arrangement  was  used 
in  experiments  where  attempts  were  made  to  form  a  defined  shape.  The 
layers  in  these  experiments  were  formed  by  overlapping  grooves  machined 
in  the  X  direction.  Various  tilted  angles  from  the  range  of  0  to  40  degrees 
and  defocussing  of  0  to  -2  mm  were  used  in  machining  layers  of  material 
for  the  purpose  of  studying  the  edge  formed  at  the  end  of  the  layer.  It 
was  found  that  tilting  the  workpiece  30  degrees  and  defocussing  the  beam 
*2  mm  produce  a  relatively  vertical  edge  and  a  very  smooth  surface  on 
graphite.  This  combination  was  used  in  most  of  the  shaping  experiments 
for  this  investigation. 

In  Sect.  3.3,  it  was  shown  for  tilt  angles  greater  than  30  degrees,  the 
•ngle  between  the  translation  direction  of  the  beam  and  the  electric 
vector  of  the  beam  could  have  a  remarkable  effects  on  the  shapes  of 
grooves  formed.  A  set  of  experiments  was  conducted  to  determined  if  the 
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edge  at  the  end  of  layers  formed  with  a  30  degree  tilt  was  influenced  by 
the  polarization  of  the  beam,  in  the  experiments,  the  workpiece  was  tilted 
at  30  degrees  and  two  layers  of  material  were  machined  from  a  free  edge 
at  each  orientation.  The  workpiece  was  translated  at  a  constant  velocity  of 
40  mm/s.  Translation  direction  of  0,  22.5,  45,  67.5,  90,  112.5,  135  degrees 
with  respect  to  the  electric  vector  of  the  beam  were  used  in  the  studies. 
The  laser  was  operated  at  780W  in  continuously  pulsed  mode.  The  duty 
cycle  of  pulses  were  set  at  0.5  ms  on-time  and  1  ms  off-time.  Two  set  of 
data  were  collected.  One  with  the  beam  at  focus  on  the  surface  and  the 
other  with  the  laser  beam  focussed  2  mm  above  the  surface.  The  results 
were  shown  in  Fig.  3.5.1  and  Fig.  3.5.2  respectively. 

With  a  focussed  beam,  undercutting  was  obvious  and  the  surfaces 
formed  were  fairly  rough.  Furthermore,  it  can  be  seen  in  Fig.  3.5.1  that  the 
slope  of  the  side  wall  changed  slightly  as  the  translation  direction  was 
changed  from  0  to  135  degree  with  respect  to  the  electric  vector.  The 
unfocussed  beam  removed  less  material,  the  surfaces  formed  were 
smoother  and  there  was  no  undercutting  at  the  end  of  the  layer.  Effects 
of  beam's  polarization  were  not  significant  at  the  edges  of  layers  removed 
on  a  tilted  workpiece. 
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Fig.  3.5.1  UYERS  RACHINEO  AT  VARIOUS  POLARIZATION  ORIENTATIONS 
(AT  FOCUS)  WITH  TILT  »  30  DEGREE 
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3.6  Machining  Shapes  with  tilting  about  one  axis 

The  following  approach  was  used  in  machining  a  step,  a  convex  and 
concave  cylindrical  quadrants  in  graphite.  The  workpiece  was  tilted  at  30 
degrees  about  the  X  axis.  The  translation  direction(X  direction)  of  the 
workpiece  was  positioned  at  45  degrees  to  the  electric  vector  of  the  laser 
beam.  The  translation  velocity  was  set  at  40  mm/s  and  the  laser  was 
operated  at  an  average  power  of  780W  in  repetitively  pulsed  mode  with 
duty  cycle  of  pulses  set  at  0.5  ms  on  and  1  ms  off.  The  focus  of  the  beam 
was  placed  at  2  mm  above  the  surface  to  be  machined.  The  feed  in  Y  and 
Z  direction  were  set  at  0.1  mm.  Different  shapes  were  obtained  by 
changing  the  Y  limit  of  the  layers  removed.  Tilting  about  the  X  axis  was 
sufficient  because  of  the  geometries  of  the  desired  shapes  to  be  formed. 

The  square  corner  of  a  rectangular  block  was  machined  off  to  form 
the  specified  shapes.  Figure  3.6.1  is  a  diagram  of  the  stock  before  and  after 
the  machining  process.  The  CNC  machine's  software  listings  for  these 
experiments  can  be  found  in  appendix  II. 

The  workpiece  was  mounted  on  the  platform  of  the  tilt  mechanism  as 
shown  in  Fig.  3.6.2.  The  right  front  corner  of  the  block  was  used  to  position 
workpiece  in  the  proper  location  in  the  base  frame.  The  alignment 
procedures  in  Sect.  2.7  were  followed  using  the  He-Ne  laser  system  with 
angle  of  rotation  platform  set  at  zero  degrees.  The  focal  plane  of  the 
••ns  was  established  as  described  in  Sect.  2.9.  After  the  alignment 
P  ocedures.  the  workpiece  was  tilted  30  degrees  about  the  X  axis.  The 
controlling  variables  in  the  software  were  initialized  to  their  respective 


values,  the  laser  was  set  at  the  appropriate  operating  conditions,  and  the 
program  to  form  the  respective  shape  was  executed. 

Figure  3.6.3  is  a  picture  of  the  step  shape  machined  1 1  graphite  by 
this  process.  It  can  be  seen  that  the  side  wall  is  relatively  smooth  and 
vertical.  Figure  3.6.4  and  Fig.  3.6.5  are  pictures  of  the  convex  and  concave 
quadrants  machined  in  graphite.  The  shapes  formed  were  in  good 
agreement  with  that  designed. 
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3.6.3  STEP  MACHINED  WITH  TILTING  Ai'.D  DEFOCUSSING 
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3.7  Studies  in  machining  workpiece  tilted  about  2  axis 

Success  in  machining  the  convex/concave  shapes  encouraged 
investigation  in  the  possibilty  of  forming  a  more  general  shape.  If  It  is 
possible  to  form  a  shape  such  as  an  ellipsoid,  a  broad  class  of  shapes  can 
be  machined  with  this  process.  A  general  shape  of  that  nature  poses 
additional  demands  on  the  beam/workpieca  manipulation  techniques.  A 
shape  such  as  an  ellipsoid  would  require  stepwise  approximation  with 
steps  preferably  with  orthogonal  corners.  It  is  foreseeable  to  form  the 
orthogonal  corner  by  tilting  the  workpiece  about  the  X  and  Y  axis 
simultaneously.  Figure  3.7.1  shows  the  necessary  rotations  about  the 

respective  axis  to  obtain  the  orthogonal  corner  shown  in  the  block  of  the 
diagram. 

Experiments  were  conducted  to  verify  if  it  is  possible  to  machine  an 
orthogonal  comer  by  tilting  the  workpiece  at  appropriate  angles  about  the 
X  and  Y  axis.  The  relative  straightness  of  XZ.  YZ  surfaces  with  respect  to 
the  top  surface  are  of  most  interest  in  this  experiment.  Attempts  were 
made  to  machine  an  orthogonal  corner  out  of  a  block  of  graphite.  The 
workpiece  was  tilted  about  the  X  and  Y  axis.  Figure  3.7.2  shows  the 
surfaces  of  interest  in  the  experiment.  The  CNC  machine’s  software  listing 
tor  this  experiment  can  be  located  in  Appendix  II. 

Constant  velocity  translation  was  not  possible  for  this  experiment 
because  of  the  limitation  of  the  CNC  system.  The  CNC  system  is  incapable 
ot  completing  the  transformation  computations  of  the  trajectories  on  the 
«V.  Pulse-move  protocol  for  translation  was  necessary  to  conduct  this 
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experiment 


The  elignment  procedures  were  similar  to  that  described  in  Sect 
3.6.  After  the  correct  positions  of  the  workpiece  and  the  focal  plane  of 
the  lens  have  been  established  in  the  base  frame,  the  workpiece  was  tilted 
about  the  X  and  Y  axis  by  30  degrees  respectively.  The  translation 
direction  of  the  workpiece  was  positioned  et  45  degrees  to  the  electric 
vector  of  the  beam.  The  laser  was  operated  in  time  sequence  mode  II  with 
1  ms  pulse  on  time  at  780W.  The  output  pulse  count  was  set  at  1.  The  X, 
Y.  and  Z  feeds  were  set  at  0.1  mm  and  the  focus  of  the  beam  was  placed 
at  2mm  above  the  surface  to  be  machined.  Controlling  variables  in  the 
software  were  initialized  to  their  respective  values,  and  the  laser  was  set 
at  the  appropriate  operating  conditions.  The  program  to  machine  an 
orthogonal  corner  with  the  workpiece  tilted  about  two  axis  was  executed. 

Pictures  of  the  XZ.  YZ  and  XY  plane  of  the  comer  machined  are 
shown  in  Fig.  3.7.3,  Fig.  3.7.4  and  Fig.  3.7.5  respectively.  It  can  be  seen  in 
the  pictures  that  the  surfaces  of  interest  were  very  close  to  orthogonal 
with  each  other.  Indeed,  it  is  possibly  to  form  an  orthogonal  corner  by 
orientating  the  workpiece  appropriately  with  respect  to  the  optical  axis  of 
the  laser  beam. 

The  tilting  technique  based  on  the  idea  if  the  locations  to  be 
irradiated  are  at  the  appropriate  orientation  with  respect  to  the  optical  axis 
of  the  beam,  it  is  possible  to  obtain  an  approximately  orthogonal  comer, 
^e  ideal  situation  would  be  to  position  the  workpiece  at  the  appropriate 
orientation  on  every  spot  to  bo  irradiated.  However,  the  orientation  of  the 
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workpiece  to  approximate  the  orthogonal  corner  is  not  unique.  A  range  of 
orientations  in  the  neighborhood  of  the  ideal  could  possibily  produce  the 
desired  shapes  of  comparable  quality.  It  is  foreseeable  to  have  a 
compromised  orientation  to  machine  a  shape  within  a  range  of  contour 
without  losing  much  of  the  accuracy  in  forming  the  desired  shape.  The 
idea  is  illustrated  in  Fig.  3.7.6.  Imagine  that  a  half  ellipsoid  is  to  be 
machined  out  of  a  block.  The  ellipsoid  to  be  formed  can  be  conceptually 
divided  into  four  quadrants.  The  workpiece  will  be  positioned  at  a  different 
orientation  for  each  quadrant  to  be  machined.  This  approach  could  simplify 
the  task  in  reorienting  the  workpiece  during  machining. 
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3.8  Application  to  Si^N^ 


The  findings  of  this  investigation  indicate  that  it  is  possible  to  form 
a  contour  shape  in  graphite  with  a  high  power  laser  beam.  However,  it  is 
more  efficient  to  shape  graphite  with  conventional  techniques. 
Nevertheless,  the  techniques  developed  could  well  be  adopted  to  machine 
other  materials  which  pose  difficulties  when  conventional  machining 
techniques  are  employed.  One  of  these  hard  to  machine  materials  is  Si,N^. 
Diamond  grinding  is  the  usual  technique  used  to  machine  Si^N^  because 
of  its  high  hardness.  Experiments  were  conducted  to  shape  Si^N^  with  the 
techniques  developed  in  machining  graphite. 

The  same  set  of  controlling  variables  to  machine  graphite  were  used 
in  the  experiments  to  machine  SijN^.  Several  parameters  were  adjusted  to 
tailor  the  process  for  Si3N4.  Convex  and  concave  quadrants  of  5  mm 
radius  were  machined  in  the  ultra  hard  ceramic.  The  laser  was  operated 
in  continuously  pulsed  mode  with  pulses  of  duty  cycle  of  1  ms  on  and  1 
ms  off  at  780W.  The  workpiece  was  tilted  at  20  degrees  about  the  X  axis, 
and  was  translated  at  40  mm/s  in  a  direction  at  45  degrees  to  the  electric 
vector  of  the  laser  beam.  The  focus  of  the  beam  was  placed  at  1.5  mm 
above  the  workpiece.  Software  listing  of  the  program  for  this  experiment 
can  be  located  in  appendix  II.  Table  3.8.1  list  the  operating  conditions  in 
machining  graphite  and  SijN^. 

The  shapes  formed  are  shown  in  Fig.  3.8.1  and  Fig.  3.8.2.  The 
curvatures  formed  were  in  good  agreement  with  that  designed. 


Graphite 

SijN, 

Laser  Power: 

780  W 

780  W 

Pulse  Duty  Cycle: 

On-time: 

O.S  ms 

1  ms 

Off-tima: 

1.0  ms 

1  ms 

Angle  of  tilt  about  X  axis: 

30  deg 

20  deg 

Translation  angle  to  TE: 

45  deg 

45  deg 

Translation  speed: 

40  mm/s 

40  mm/s 

Y  stepsize(faed): 

0.1  mm 

0.1  mm 

Z  stepsiza(faed): 

0.1  mm 

0.142  mm 

Amount  of  defocus: 

-2.0  mm 

-1.5  mm 

T«bl«  3-8-1  Op0rating  Conditions 
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4.1  Assassment  of  Lasor  Shaping  Process 


This  laser  machining  process  like  many  other  conventional 
machining  processes  requires  a  clear  line  of  sight  path  to  the  area  on  the 
material  to  be  machined.  Shapes  being  machined  should  not  develop  into 
geometries  that  will  obstruct  the  beam  path.  For  example  in  the  case  of 
machining  a  slot  in  a  block,  the  aspect  ratio  of  the  slot  must  be  large 
enough  to  accomodate  the  beam.  Care  must  be  exercised  to  insure  that 
the  laser  beam  is  not  blocked  off  by  the  edge  of  the  slot  Figure  4.1.1 
illustrates  the  potential  problem  in  machining  a  slot  in  a  block.  Similar 
situations  can  occur  in  making  other  shapes.  With  a  few  exceptions, 
shapes  that  can  be  formed  by  machining  from  the  free  sides  of  a  block 
towards  the  middle  can  be  done  with  this  machining  process. 

The  sloped  wall  distortion  at  the  end  of  a  layer  can  be  corrected  by 
increasing  the  absorption  on  the  surface  by  workpiece  manipulation 
techniques.  Selective  orientation  with  respect  to  the  electric  vector  of  a 
polarized  beam  to  increase  absorption  on  the  side-wall  was  not  adequate 
to  correct  the  distortion.  Reorientation  of  the  workpiece  was  necessary  to 
solve  the  problem.  A  circular  polarized  beam  would  require  similar 
workpiece  manipulation  techniques  to  correct  the  distortion  formed  at  the 
end  of  a  layer. 

The  speed  of  this  process  is  limited  by  the  design  of  the  positioning 
system.  Due  to  reorientation  of  the  workpiece,  timely  transformation 
computations  between  the  reference  frame's  and  the  base  frame's 
coordinates  have  to  be  performed  when  the  workpiece  is  moved.  In  the 


case  when  the  workpiece  is  tilted  about  the  X  axis,  the  transformation 
computation  is  performed  whenever  there  will  be  a  move  in  the  Y 
direction.  This  will  insure  proper  tracking  of  focus  in  the  Z  direction.  The 
maximum  speed  of  translation  is  limited  by  the  mechanics  and  design  of 
the  CNC  positioning  system.  At  constant  velocity,  the  CNC  system 
software  requires  a  minimum  of  200  ms  to  process  the  interpolation  data 
between  points  for  the  servo  motors.  An  error  condition  will  occur  if  the 
feedrate  exceeds  this  lirnitation.  To  avoid  making  this  error  while 
machining,  the  software  programs  for  experiments  in  this  investigation 
have  been  written  such  that  the  transformation  computations  are  done 
before  and  after,  but  not  during  the  translation  of  the  workpiece.  This 
approach  allows  ample  time  for  the  CPU  to  complete  the  computations, 
while  managing  the  system's  overhead,  without  running  into  timing 
difficulties.  In  the  case  when  the  workpiece  is  tilted  both  about  the  X  and 
the  Y  axis,  the  transformation  computation  is  performed  whenever  the 
workpiece  is  to  be  moved  to  a  new  position.  Due  to  the  frequencies  and 
extra  time  needed  to  do  the  transformation  computations,  the  pulse-move 
protocol  is  used  to  circumvent  the  timing  constrains  of  the  CNC  system. 
The  calculations  are  done  while  the  system  is  not  in  motion  as  mentioned 
earlier.  Extra  time  is  needed  to  do  the  start/stop  motion  for  each  move 
but  in  return  the  difficulties  in  managing  velocity  of  translation  are 
eliminated! 

A  multi-degree  of  freedom  manipulator  type  of  positioning  system 
to  move  the  beam  or  the  workpiece  would  be  more  flexible  for  this 


machining  process. 


It  is  possible  to  increase  the  speed  of  this  machining  process  by 
reducing  the  number  of  passes  necessary  to  remove  a  layer.  Focussing  the 
laser  beam  into  a  line  with  cylindrical  optics,  a  small  layer  of 
material(wider  groove)  instead  of  a  narrow  groove  could  be  removed  on 
every  pass.  If  the  length  of  the  focussed  line  of  the  beam  is  varied 
dynamically,  it  would  be  possible  to  change  the  width  of  the  layer  of 
material  being  removed  on  every  pass.  Further  studies  would  be 
necessary  to  develop  this  approach. 

The  shapes  machined  with  stepwise  approximation  in  this  process 
produce  a  coarse  finish  part.  Post  processing(fine  finish)  of  the  part  wiii  be 
necessary  to  make  it  into  a  finish  product  Dynamic  stepsizes  control  with 
a  closed  loop  system  could  improve  the  accuracy  on  the  shape  formed.  A 
non  contact  position  sensor  adaptabie  to  this  machining  process  for 
measuring  the  material  removed  on  each  pass  would  have  to  be 
developed  to  close  the  loop  for  this  machining  process.  Furthermore,  a 
broad  data  base  of  the  effects  on  depth  and  width  of  cut  in  varying  the 
controiiing  variables  has  to  be  generated  for  the  closed  loop  control 
algorithm. 

This  process  can  be  adopted  to  machine  materiais  that  change  from 
•  solid  phase  to  vapor  phase  under  intense  radiation  of  a  focussed  carbon 
dioxide  laser  beam.  The  same  sat  of  control  variables  in  machining 
graphite  can  be  used  to  machine  other  materiais.  A  parametric  study  on 
the  material  to  be  laser  machined  will  have  to  be  conducted  to  established 
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proper  settings  of  the  variables,  in  particular,  it  is  necessary  to  determine 
the  power  settings,  pulse  duty  cycle  of  the  laser,  amount  of  defocussing, 
feeds  in  the  X,  Y,  Z  directions,  translation  speed,  proper  orientation  of  the 
workpiece  with  respect  to  the  optical  axis  and  electric  vector  of  the  beam. 
These  essential  data  have  to  be  compiled  on  the  material  before  shaping 
operations  can  be  performed  successfully  with  this  process. 


5.  Conclusion  And  Suggestions  For  Further  Work 


The  feasibility  of  machining  non-solid  of  revolution  shapes  with  a 
high  power  carbon  dioxide  laser  operating  in  pulse  mode  has  been 
demonstrated  in  this  investigation.  The  shapes  are  machined  out  of  a 
model  material,  graphite.  The  techniques  and  controls  developed  can  easily 
be  adapted  to  machine  other  materials  as  demonstrated  in  making  shapes 
in  SijN^.  With  tilting  about  the  X/Y  axis,  it  is  possible  to  machine  an 
orthogonal  corner  implying  a  more  general  shape  such  as  an  ellipsoid  can 
probably  be  formed  with  this  process.  The  polarized  beam  incident  at 
angles  other  than  normal  produces  grooves  of  different  cross-sectional 
shapes  depending  on  the  angle  between  the  direction  of  translation  and 
that  of  the  polarization  vector.  Nevertheless,  the  polarization  of  the  beam 
does  not  pose  serious  problems  in  the  machining  process.  The  effects  of 
tilting  the  workpiece  overshadow  that  of  the  selective  absorption  between 
the  TE  and  TM  vectors  on  the  side-wall  at  the  end  of  a  layer.  Defocussing 
the  laser  beam  above  the  workpiece  can  produce  a  smoother  surface 
finish.  The  speed  of  the  machining  process  is  severely  limited  by  the 
speed  of  the  positioning  system  and  can  be  dramatically  improved  if  a 
faster  system  is  employed.  Furthermore,  the  two  rotational  axis  should  be 
automated  so  that  more  complicated  manipulation  of  the  workpiece  can  be 
programmed.  Besides  employing  higher  speed  positioning  system, 
alternative  optical  solutions  to  improve  the  speed  of  the  machining 


process  should  be  explored. 
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Appendix 


The  following  sections  include  descriptions  of  the  mechanical  and 
electronic  designs  of  the  crucial  interfaces  that  complete  the  connections 
between  the  laser's  programmable  digital  controller  (POC)  and  the  Anomatic 
II  CNC  positioning  controller.  These  mechanical  devices  and  interfaces  have 
been  custom  designed  and  built  at  USC  to  integrate  the  two  controller 
systems  to  work  together.  The  schematics,  drawings  and  litaraturas  ara 
supplements  to  those- of  the  Laser  and  CNC  controller  manufacturers' 
manuals. 

The  software  listings  in  Appendix  II  are  some  of  the  programs  used 
for  experiments  in  this  work. 


A.1.1  Intarfaes  Control  Commands 


The  Ml 00  (laser  on),  M101  (laser  off)  functions  of  the  CNC  controller 
are  used  to  control  the  laser  ON/OFF  sequences.  For  safety  reasons,  the 
laser  should  be  operating  in  Mode  I  when  this  function  is  invoked.  If  the 
laser  is  operating  in  Mode  II.  the  CNC  controller  will  not  be  able  to  turn  off 
the  laser.  Once  the  laser  is  turned  on  in  Mode  II  with  the  CNC  controller,  it 
will  have  to  be  turned  off  manually  by  pressing  the  sequence  off  button  or 
be  turned  off  by  itself  when  the  executed  program  is  completed. 

The  Ml 02  (shutter  open).  Ml 03  (shutter  closed)  functions  of  the  CNC 
controller  are  used  to  control  the  laser's  safety  shutter  The  laser  has  to 
be  in  Mode  I  or  Mode  II;  shutter  mode  select  switch  has  to  be  in  remote 
and  the  manual  shutter  switch  turned  on  for  this  function  to  actuate  the 
shutter  properly. 


The  M200  function  of  the  CNC  controller  is  wired  up  for  monitoring 
the  status  of  the  laser.  When  M200  is  a  *0”.  the  laser  sequence  is  off. 
whereas  when  M2Q0  is  ’V.  the  laser  sequence  is  on. 


The  S-function  (Analog)  of  the  CNC  controller  is  interfaced  to  control 
the  power  of  the  laser.  The  range  of  S  numbers  that  can  be  used  are  from 
0  to  1250.  S'numbers  outside  this  range  must  not  be  used  because  serious 
damage  to  the  laser  could  be  done.  The  power  control  select  switch  inside 
the  POC  must  be  set  at  external  for  this  function  to  be  active. 

The  respective  interface  cables  from  the  CNC  controller  to  the  PDC 
must  be  connected  for  the  above  functions  to  wort  properly. 
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Fig.  A.  1. 2  INTERFACE 


LAYOUT  IN  PTC 


MlOO 


Fig.  A.  1. 3  USER  STATUS  MONITOR  BUFFER  CIRCUIT 


CGAouho) 


04ttlA|  6 -<2.  ^teMTcMtS 

L»m  cam  Vb  OM  MhOC 

*-toi-ve.  ^  Uamt  -ai-j'TtHCi,  ok  1  fVxvE. 


Fia.  A.  1. 4  HOME  AND  LIMIT  SWITCHES  FOR  TRANSLATION  TABLES 


M  eoM,«e-n«M 


«kK.  v*rT 

S<MlTCMC5 


A  Limit  ‘Sm«tch«s  mk  com^ctco  »*  scstts  CkO  j  'n-  uihit  .  svmtchc:^  0^*^ 


'  IXtt  mtw*  I  mm 


MOmC  ftCTvJwrw**  cm 


Fig.  A.  1. 5  OPTO-ELECTRONIC  HOME  SWITCHES  FOR  TRANSUTION 
TABLES  S  ACTUATION  CAM 


A.II.1  Program  for  Boam  Scan  Exporiment 


N9900  G69  *BEAM  SCAN  VI. 1*  10JAN  1984  *R  HSU* 

N9905  G69  V3  V4  V10  V25  V26  USED 
N9910  G69  F.1-.005  MM/SEC 
N7200  G69  SET  UP 
N721Q  F1QQ  SO  G90  M101  M103  MO 
N7215  V3-0  V4-.1  G69  POWER/SPEEO 
N7220  V10-10  G6g  INC  VOLTAGE  NO. 

N7225  V25-.01  G69  X  INTERVAL 
N7230  V26-10  G69  XLIM 

N7300  SV3FV4  M100M102  ^69  SET  POWER/SPEEO  LASER/SHUTTER  ON 

N7310  J(X-V26)N73S0  G69  IF  DONE 

N7320  G9G91XV25  G69  BEGIN  SCANNING 

N7330  V3*V3W10  SV3  G69  INC  POWER 

N7340  JN7310  G69  NEXT  SCAN 

N73S0  GOFtOQ  G69  END  CV/RESET  SPEED 

N7360  G90M101M1Q3  G69  ABS/LASER  SHUTTER  OFF 

N7370  MO  G69  STOP/ENO  PROGRAM 

N1000S  JN7200M7  G69  GO  TO  SET  UP 


A.li.2  Program  To  Dotermino  Focal  Plana  On  Workpiace 


N9900  G69  ’*  RANGE  OF  FOCUS  VI. 1  *'  31  DEC  1983  R.  HSU 
N9905  G69  V3  V5  V27  V29  V30  USED 
N9910  G69  LASER  MODE  2/PULSE  COUNT- 1 
N9915  G69  TIME  SEQ/  10  ms  ON-TIME 


N7200  M101M103  G69  LASER  OFF/SHUTTER  CLOSE 

N7203  MO  G69  STOP 

N7205  G69  SET  UP 

N7210  V3-800  SV3  FlOO  G69  POWER 

N7215  V5-0  G69  PULSE  COUNTER 

N7220  V27— 1  G69  YSTP 

N7225  V29-.1  V30-Z+2  G69  ZSTP/ZLIM 


N7300  G69  MAIN  PROGRAM 
N7310  J(Z-V30)N7400  G69  IF  DONE 
N7330  M102M100  G69  OPEN  SHUTTER/LASER  ON 
N7340  JM200N7340  G69  IF  PULSE  COMPLETED 
N7350  MlOl  G69  LASER  OFF 

N7360  G58*PULSE  NO  "VEFS  O*  Z  POSITION  IS*ZF5.3'  MM' 

N7370  V5-V5>1  G69  INC  COUNTER 

N7380  G90Y(Y>V27)  G69  MOVE  Y 

N7385  Z(Z>V29)G4X.2  G69  MOVE  Z 

N7390  JN7310  G69  NEXT  LOCATION 

N7400  M103M0  G69  CLOSE  SHUTTER/STOP 


N 10001  G90X0Y0M7  G69  START  POSITION 
N 10005  JN7200M7  G69  RUN  PROGRAM 
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A.II.3  Program  For  Cutting  Trails  In  Regions  Of  Focus(Normal  Incidence) 


N9800  G69  VARYING  FOCUS/TRAILS  Vl.l(PULSED)* 

N9803  G69  *31  DEC  83*  R.HSU 

N9804  G69  NORMAL  INCIDENT  *31  DEC  83*  R.HSU 

N9805  G69  ORIGIN  AT  PIVOT 

N9807  G69  V3-V4  V18-V65  ARE  USED  X1ST-KN20  Y1ST-KN150 

N9809  G69  SETUP*X*V31-V25*Y'V32-V27 

N9811  G69  KN700-TRANSFORM  KN1000-CAL  VEC  T 

N9815  G69  V25-XSTP  V26-XUM  V27-YSTP  V28-YUM  V29-ZSTP  V30-ZLIM 

N9820  G69  V31-CURX  V32-CURY  V33-CUR2  V34-STRX  V35-STRY  V36-STRZ 

N9825  G69  V37-OFSX  V38-OFSY  V39-OFSZ 

N9827  G69  V43>DCR  UNT 

N9830  G69  V46«THETA  OCO  V47-THETA  RAO 

N9833  G69  V48-7X  V49*TY  V50-TZ  *POSITlON  VEC 

N9835  G69  V51  V52  V53*PASS  PAR  XYZ*  V54  V55  V56*THANSFORM  XYZ* 

N9840  G69  V57-PX  V58-PY  V59-PZ 

N9850  G69  V63-PRERUN  V64-ORIENT  ANGLE 

N300  G69  LAYX1ST 
N310  G69  V32-V27 
N320  KN1200  G69  CUT  TRAIL 
N330  M6  G69  RETURN 

N378  G69  CAL  Y-Z  MOV 

N380  V52-V32  V53-V33  KN700  G90YV55Z(V56+V65) 

N390  V32«V32*V27  KN 10002 
N400  M6 

N700  G69  TRANSFORMATION 
N710  V54-V51+V48  G69  TRAN  X 

N720  V55-(V52*Q4(V47))-(V53*S(V47))+V49  G69  TRAN  Y 
N730  V56-(V52*S(V47))-*>(V53*Q4(V47))+V50  G69  TRAN  Z 
N740  M6 

N1000  G69  CAL  VECTOR  T 
N1010  V48-0  V49-0  V50-0 
N1020  VS1-V57  V52-V58  V53-V59  KN700 
N1030  V48-V54  V49-VS5  V50-V56 
N1040  M6 


N1198  G69  XLAY  CV 
N1200  G9XV54  G69  ♦X  DIR 
N1205  M100 
N1210  XV26 
N1215  MIDI 
N1220  X(V26-^V63) 

N1225  GO  G69  END  CV 
N1230  J(V28-V32)N1240 
N1235  M6 

N1240  KN380  G69  MOV  Y/Z 
N1245  G9XV26  G69  -X  DIR 
N1250  M100 
N1255  XVS4 
N1260  M101 
N1265  X(V54-V63) 

N1270  GO 

N127S  J(V28'V32)N1285 
N1280  M6 
N1285  KN380 
N1290  JN1200 

N1500  G69  MOV  TO  START 

N1510  V51-0  V52-V32  V53-V33  KN700  G90X{V54-V63) 

N1512  YV55 

N1515  Z(V56W65)G4X.2 

N1520  KN10002  G5 

N1530  M6 

N 1 000 1  G92X0  Y0Z0F850G90X0  Y0Z-30M 1 03M7 
N 10002  G69  G58'CURY-*V32*  YLIM-'VZO*  CURZ-'V33 
N9914  M6 
N 10005  JN7200 

N 10006  M99M98FZ200G90X-70Y>70  G69  SET  ORIGIN 

N9001  Z35.257G4X.8 

N9902  M98 

N9903  G92Z48.114 

N9905  X20.4675Y50.4205Z-43M7 

N7200  G69  MAIN  PROGRAM  SETUP 

N7202  M101M103  J(Q2(167))N7206  G69  IF  RESET  G67 

N7204  JN7208 

N7206  G67 

N7208  MO 


N7210  V3-700  V4-800 

N7212  V25-.1  V26-16  G69  X  STEP/LIM 

N7214  V27-1  V28-0  G69  Y  STEP/LIM 

N7216  V29-.125  V30-0  G69  Z  STEP/LIM 

N7218  V31-0  V32-0  V33»0  G69CUR  X-Y-Z 

N7220  V34-0  \/35-0  V36-0  G69  START  X-Y-Z 

N7222  V37-0  \/38-l  V39— 1  G69  OFFSET 

N7224  V43-2  V46-0  G69X  TILT  ANGLE 

N7226  V47-V46*P/18Q 

N7228  V57-0  G69  PX 

N7230  V58— 25  G69  PY 

N7232  V59— 48.114  G69  PZ 

N7234  V63-15  V64-0  V65— 2  G69  PRERUN/CTR/DEFOCUS 
N7250  G69***  END  SET  UP  *•* 

N7300  J(V65-1.9)N7440  G69  IF  FINISH 
N7360  KN1000  G69  CAL  VEC  T 

N7360  SV3FV4  Ml 02  G69  SET  POWER/SPEEO  SHUTTER  ON 

N7400  KNISOO  KN310  G69  CUT  1  TRAIL 
N7405  GSaTRAIL  NO'V64F3.0 
N7406  G58'  OIST  FROM  ORIGIN  •'ZF5.3'  MM 
N7407  G58'  OeFOCUS-*V65F4.3'MM* 

N7410  V32-V32+V27  V28-V32 
N7420  V64»V64^1  V65-V65+.25  G69  INC  CTR 
N7430  JN7300 
N7440  MO 

N8000  CSS’S!  DEC  1983’ 

N8010  G58’XTILT  0  DEG’ 

N8015  G58’POWER-S700  (780  W)’ 

N8035  GSS’PULSE  0.5  MS  ON  IMS  OFF’ 

N8040  G58’VELOCITY-F800’ 

N8045  G58‘02  SHIELDING  10  PSI’ 

N8065  MO 


A.II.4  Program  For  Tiitod/Oriontation  Studios 


N9800  G69  POLARIZATION/ORIENT  V1.1  (CW) 

N9803  G69  *22  JULY  83*  R.  HSU 
N9804  G69  VARY  XTILT  ANGLE/2  OEG  INCREMENT 
N98n  G69  KN700-TRANSFORM  KN1000-CAL  VEC  5 
N9827  G69  V44-ANGLE  COUNTER 
N9830  G69  V46-THETA  DEG  V47-THETA  RAD 
N9833  G69  V48-TX  V49-TY  V50-TZ  *  POSITION  VEC 
N9835  G69  V51  V52  V52  *  PASS  PAR  XYZ  *  V54  V55  V56  * 
TRANSFORM  XYZ  * 

N9840  G69  V57-PX  V58-PY  V59-PZ 
N9850  G69  V64-TRAIL  CTR  V6S-ANGLE  UM 

N700  G69  TRANSFORMATION 
N710  VS4-V5UV48  G69  TRAN  X 
N720  V55-(V52*Q4(V47))-(V53*S(V47))+V49  G69  TRAN  Y 
N730  V56-(V52*S(V47))>(V53*Q4(V47))+V50  G69  TRAN  Z 
N740  M6 

N1000  G69  CAL  VECTOR  T 
N1010  V48-0V49-0V50-0 
N1020  V51-V57V52-V58V53-V59  KN700 
N1030  V48>V54V49«V55V50«V56 
N1040  M6 

N1500  GeSMOV  TO  START 

N1510  V51-0V52-0V53-0  KN700  G90XV54YV55ZV56 
N1530  M6 

N1600  G69  RUN  CW  TRAIL 

N1610  SV3-*400  G69  SET  HIGH  POWER 

N1620  X0M100G4X3  G69  ON  LASER/DELAY 

N1630  SV3G4X3  Ml 02  G69  SET  LOW  POWER/DELAY/OPEN  SHUTTER 

N1640  F1000X10  G69  CUT  TRAIL 

N1650  M101  M103  G69  OFF  LASER/CLOSE  SHUTTER 

N1660  M6 

N 1 000 1  G92X0  Y0Z0F850G90X0  Y0Z-30M 1 03M7 
N10005  JN7200 

N 10006  M99M98FZ200G90X-70Y-70 


N9001  Z35.257G4X.8 

N9902  M98 

N9903  G92Z48.114 

N9905  X20.4675Y50.4205Z'43M7 

N7200  G69MAIN  PROGRAM  SETUP 
N7202  M101M103J(Q2(167))N7206 
N7204  JN7208 
N7206  G67 
N7208  MO  JN7500 


N7500  G69  MAIN  PROGRAM 

N7510  V3-250  V46-0  V47«V46*P/180  V57-0  V58-0  V59— 48.114 
N7515  V64-0  V6S-70 
N7520  G92X0Y0 

N7530  FX1000FY1000FZ200  G90X0Y0GS 
N7540  KN1000  KN1500  ICN1600  G92YV58 
N7560  G90X0Y0 

N7570  G58'SET  TILT  TOn/AeFS  O'  DEG  TRAIL  NO.'V64F3.0‘’  POWER-‘V3F4.0 
N7580  G66  32786  240  R5- 
N7S90  K(V6S-V64)N7630 

N7600  V46-V46«2  V47«V46*P/180  VS8«V58*1  V64*V644>1 
N7610  J(V6S-V64)N7520 
N7620  G92X0Y0  G90X0Y0 
N7630  MO 

N8000  G58*25  NOV  1983* 

N8005  G58*defocussed  2  mm  abov«* 

N8010  G58'XTILT  30  DEG* 

N8015  G58'POWER-S700  (780  W)* 

N8020  G58*OVERLAP  Y.1  Z.125' 

N8035  G58'PULSE  .5  MS  ON  IMS  OFF* 

N8040  G58*VELOCITY-F800* 

N804S  GS8*02  SHIELDING  10  PSI* 

N8065  MO 


A.II.5  Program  For  Tilt/Oriontatton  (layor)  Studios 


N9800  G69  POLARIZATION/ORIENT  V  1.1  (PULSED)' 

N9803  G69  *25  NOV  83*  R.HSU 

N9804  G69  LAYERS/FIX  XTILT  ANGLE-30/OEFOCUSSEO 

N9805  G69  CHANGE  TRANSLATION  DIRECTION 

N9806  G69  CONSTANT  VELOCITY-CONTINUOUS  PULSE 

N9807  G69  V3-V4  V18-V65  ARE  USED  X1ST-KN20  Y1ST-KN150 

N9809  G69  SETUP  'X'V31-V25  •Y'V32-V27 

N9811  G69  KN7QO-TRANSFORM  KN1000-CAL  VEC  T 

N9815  G69  V25-XSTP  V26»XLIM  V27-YSTP  V28-YLIM  V29-ZSTP  V30-ZLIM 

N9820  G69  V31-CURX  V32-CURY  V33-CURZ  V34-STRX  V35-STRY  V36-STRZ 

N9825  G69  V37-OFSX  V38-OFSY  V39-OFSZ 

N9827  G69  V43-DCR  LIM 

N9830  G69  V46-THETA  DEG  V47-THETA  RAD 

N9833  G69  V48-TX  V49-TY  V50-T2  *TRANSLATION  VEC 

N9835  G69  V51V52VS3*PASS  PAR  XYZ*  V54V55V56*TRANSFORM  XYZ* 

N9840  G69  V57-PX  V58-PY  V59-PZ 
N9850  G69  V63-PRERUN  V64-ORIENT  ANGLE 

N300  G69  LAYX1ST 
N310  V32-V27  G69  SET  CUR  V 
N320  KN1200  G69  CUT  GROOVES 
N330  M6 

N378  G69  CAL  Y-Z  MOV 

N380  V52-V32V53-V33KN700G90YV55Z(VS6W65) 

N390  V32-V32>V27  KN 10002 
N400  M6 

N700  G69  TRANSFORMATION 
N710  V54-V5UV48  G69  TRAN  X 
N720  V55-(V52*Q4(V47))-(V53*S(V47))*V49  G69  TRAN  Y 
N730  V56-(V52*S(V47))^(V53*Q4(V47))+V50  G69  TRAN  Z 
N740  M6 

N1000  G69  CAL  VECTOR  T 
N1010  V48«0  V49-0  V50-0 
N1020  V51-V57  V52-V58  VS3-V59  KN700 
N1030  V48-V54  V49-V55  V50-VS6 


N1040  M6 


N1198  069  XLAY  CV 
N1200  G9XV54  069  WE  DIR 
N1205  M100 
N1210  XV26 
N1215  M101 
N1220  X(V26W63) 

N122S  OO 

N1230  J(V28-V32)N1240 
N1235  M6 
N1240  KN380 

N124S  09XV26  069  -VE  OIR 
N1250  M100 
N1255  )(V54 
N1260  MIDI 
N126S  X(V54*V63) 

N1270  OQ 

N127S  J(V28-V32)N128S 
N1280  M6 
N1285  KN380 
N1290  JN1200 

N1500  069  MOV  TO  START 

N 1 5 1 0  VS  1  -0V52«0V53-V33KN700O90X(V54-V63) YV55Z(V56W6S) 
N1520  KN10002GS 
N1530  M6 

N 1 000 1  092X0 Y0Z0F850G90X0Y0Z-30M 1 03M7 
N 10002  G58*CURY-'V32'  YUM-'V28*  CURZ-"V33 
N9914  M6 
N10005  JN7200 

N 10006  M99M98FZ200G90X-70Y-70 

N9001  Z35.257G4X8 

N9902  M98 

N9903  G92Z48.114 

N9905  X20.4675Y50.4205Z-43M7 

N7200  069  MAIN  PROGRAM  SETUP 
N7202  M101M103J<Q2(167))N7206 
N7204  JN7208 
N7206  067 
N7208  MO 


N7210  V3-700  V4-600  V21-0  V22-S  V23-0 


N7212  V25«.1  V26-16  G69  X  STEP/LIM 
N7214  V27-.1  V28»16  G69  Y  STEP/LIM 
N7216  V29-.125  V30«0  G69  Z  STEP/LIM 
N7218  V31-0  V32-0  V33— 6  G69  CUR  X-Y-Z 
N7220  V34-0  V35-0  V36— 6  G69  START  X-Y-Z 
N7222  \/37-0  V38-1  739—1  G69  OFFSET 
N7224  V43-2  V46-3Q  G69  X  TILT  ANGLE 
N7226  V47-V46*P/180 
N7228  VS7-0  G69  PX 
N7230  V58— 25  G69  PY 
N7232  V59— 42.114  G69  PZ 
N7234  V63-15  V64-0  V65— 2 
N7250  G69  ***  END  SET  UP  *** 

N7300  J(V64-157.S)N7370  G69  IF  FINISH 

N7310  G66  32786  240  RSOO 

N7320  GS8*SET  ORIENTATION  TO'V64F4.r  DEG* 

N7330  J(V64-72)N7360 

N7340  G58****‘A(V64-72)F4.r  CLOCKWISE  FROM  ZERO  ***' 
N7350  JN7370 

N7360  G58*****A(V64-72)F4,r  COUNTER  CLOSEWISE  FROM  ZERO 
N7370  MO 

N7380  KN1000  G69  CAL  VEC  T 
N7390  SV3FV4  Ml 02 

N7400  KN1500  KN310  G69  CUT  1  LAYER 

N7410  KN1500  G69  MOVE  TO  START 

N7420  V33-V33W29 

N7430  KN310  G69  CUT  LAYER  2 

N7440  V28-V28-V43  V33-V33>V29  V64«V64>22.5 

N7450  X20.4675Y50.4205Z-43  G69  AUGN  PT 

N7460  JN7300 

N8000  GS8'25  NOV  1983' 

N800S  GS8*d«focuss«d  2  mm  above' 

N8010  G58'XTILT  30  DEG' 

N8015  GS8'POWER-S700  (780  W)' 

N8020  Q58'OVERLAP  Y.1  Z.125' 

N8035  G58'PULSE  0.5  MS  ON  IMS  OFF' 

N8040  QS8'VELOCITY-F800' 

N8045  G5S'02  SHIELDING  10  PSI' 

N8065  MO 


*••• 
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A.II.6  Program  To  Machine  Convex  Quad  In  Graphite 


N9800  G69  CV-TILT/CONVEX  QUAD  Vl.l(PULSED)*  *21  NOV  83*  R.HSU 

N9805  G69  GRAPHITE/BASE  FRAME  ORIGIN  AT  PIVOT 

N9807  G69  V3-V4  V18-V65  ARE  USED  X1ST-ICN20  Y1ST-KN150 

N9809  G69  SETUP*X-V31-V25'Y*V32-V27 

N9811  G69  KN700-TRANSFORM  KN1000-CAL  VEC  T 

N9813  G69  V21-A  V22-B  V23-C  RADIUS 

N9815  G69  V2S-XSTP  V26-XLIM  V27-YSTP  V28-YUM  V29-2STP  V30-ZUM 

N9820  G69  V31-CURX  V32-CURY  V33-CUR2  V34*STRX  V35-STRY  V36-STRZ 

N9825  G69  V37-OFSX  V38-OFSY  V39-OFSZ 

N9827  G69  V46-THETA  DEG  V47-THETA  RAD 

N9833  G69  V48-TX  V49-TY  VSO-TZ  *TBANSLATION  VEC 

N9835  G69  V51  V52  V53*PASS  PAR  XY2*  V54V55V56*TRANSFORM  XYZ* 

N9840  G69  V57-PX  V58-PY  VS9-PZ 

N98S0  G69  V63-PRERUN  V6S-DEFOCUS 

N3Q0  G6g  LAYXtST 
N310  V32-V27 
N320  KN1200 
N330  M6 

N378  G69CAL  Y-Z  MOV 

N380  V52-V32  V53-V33  KN700  G90YV55ZV56 

N390  V32-V32*V27  KN 10002 

N400  M6 

N700  G69  TRANSFORMATION 
N710  V54-V5UV48  G69  TRAN  X 
N720  V55-{V52*Q4(V47))-(V53*S(V47))+V49  G69  TRAN  Y 
N730  V56-(V52*S(V47))+(V53*Q4{V47))+V50  G69  TRAN  Z 
N740  M6 

N1000  G69  CAL  VECTOR  T 
N1010  V48«0  V49-0  V50-0 
N1020  VS1-V57  V52-VS8  VS3-V59  KN700 
N1030  V48-V54  V49-VS5  VS0-VS6 
N1040  M6 
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N1198  G69  XLAY  CV 
N1200  G9XV54  G69  ♦X  DIR 
N1205  M100 
N1210  XV26 
N1215  M101 
N1220  X(V26-^V63) 

N1225  GO 

N1230  J(V28-V32)N1240 
N1235  M6 
N1240  KN380 

N1245  G9XV26  G69  >X  OtR 
N1250  M100 
N1255  XV54 
N1260  M101 
N1265  X(V54-V63) 

N1270  GO 

N127S  J(V28-V32)N128S 
N1280  M6 
N128S  KN380 
N1290  JN1200 

N10001  G92X0Y0Z0F8S0G90X0Y0Z>30M  1 03M7 
N10002  G58'CURY-*V32'  YLIM-‘V28'  CURZ-'V33 
N9914  M6 
N1000S  JN7200 

N 10006  M99M98FZ200G90X-70Y-70 
N9001  Z33.392G4X.8 
N9902  M98 
Ng903  G92Z48.n4M7 

N7200  G69  MAIN  PROGRAM  SETUP 

N7202  M101M103J(Q2(167))N7206  G69  IF  RESET  G67 

N7204  JN7208 

N7206  G67 

N7208  MO 

N7210  V3-700  V4-800  VZI-O  V22-5  V23-0 
N7212  V2S-.1  V26-16  G69  X  STEP/LIM 
N7214  V27-.1  V28-6  G69  Y  STEP/UM 
N7216  V29*.1  V30-0  G69  Z  STEP/UM 
N7218  V31-0  V32-0  V33— 6  G69  CUR  X-Y-Z 
N7220  V34-0  V35-0  V36— 8  G69  START  X-Y-Z 
N7222  V37-0  V38-1  V39— 1  G69  OFFSET 
N7224  V46-30  G69  X  TILT  ANGLE 
N7226  V47-V46*P/180 


N7228  V57-0  G69  PX 

N7230  V58— 25  G69  PY 

N7232  V59— 42.114  G69  PZ 

N7234  V63-15  V65— 2  G69  PRERUN/OEFOCUS 

N7250  G69***  END  SET  UP  *** 

N7300  KN1000  G69CAL  VEC  T 
N7310  SV3FV4 

N7320  V51-OV52-0V53-V36KN700G9OX(V54-V63)YV552(V56>V65)  KN 10002 
N7330  J(A(\/33)-(V22+V29))N73S0 

N7340  V28-\/38+V22-R((V22*V22)-(V33*V33))JN7360  G69  CURVE  LIM 

N73S0  V28-V38>V22  Ml 02 

N7360  KN310  G69  X-LAYER 

N7370  V33»V33W29  J(V33+(V29^V30))N7410 

N7380  V51-0V52*0V53-V33KN700KN  10002  G69  MOV  TO  START 

N7390  G90X(V54-V63)YV55Z(V56-^V65)GS 

N7400  JN7330 

N7410  XOYQZ-60  Ml 03 

N7420  MO 

N8000  GS8*21  NOV  1983* 

N800S  G58*CONT  VELOCITY  -  CONVEX  QUAD  (PUSLED)* 

N8007  GS8*OEFOCUSEO  FOCAL  PLANE  2  MM  ABOVE  WORKPIECE* 
N8010  GS8*XTILT  30  DEG* 

N801S  G58*POWER«S700  (780  W)* 

N8020  G58*OVERLAP  Y.l  Z.1* 

N8035  G58*PULSE  0.5  MS  ON  IMS  OFF* 

N8040  G58*VELOCITY-F800* 

N8045  GS8*C02  SHIELDING  10  PSI* 

N8050  GS8*ORIENTATION  —  (27  DEG  CW  FROM  ZERO)* 

N8055  G58*VELOCITY  VECTOR  AT  45  DEG  TO  E  VECTOR* 

N8060  G58*08 
N8065  MO 


A.II.7  Program  To  Maehino  Concavo  Quad  In  Graphito 


N9800  G69  CV-TILT/CONCAVE  QUAD  VI.I(PULSED)'  *21  NOV  83*  R.HSU 

N9805  G69  BASE  FRAME  ORIGIN  AT  PIVOT 

N9807  G69  V3-V4  V18-V65  ARE  USED  X1ST-KN20  Y1ST-KN150 

N9809  G69  SETUP*X'V31-V25*Y'V32-V27 

N9811  G69  KN700-TRANSFORM  KN1000-CAL  VEC  T 

N9813  G69  V21-A  V22-B  V23-C  RADIUS 

N9815  G69  V25-XSTP  V26-XLIM  V27-YSTP  V28-YUM  V29-2STP  V30-ZLIM 

N9820  G69  V31-CURX  V32-CURY  V33-CURZ  V34-STRX  V35-STRY  V36-STR2 

N9825  G69  V37-OFSX  V38-OFSY  V39-OFSZ 

N9827  G69  V46-THETA  DEG  V47-THETA  RAD 

N9833  G69  V48-TX  V49-TY  V50-TZ  •TRANSLATION  VEC 

N9835  G69  V51  V52  V53*PASS  PAR  XYZ*  V54V55V56*TRANSFORM  XYZ* 

N9840  G69  V57-PX  V58-PY  V59-PZ  • 

N98S0  G69  V63-PRERUN  V6S-OEFOCUS 

N300  G69  LAYX1ST 
N310  V32-V27 
N320  KN1200 
N330  M6 

N378  G69CAL  Y-Z  MOV 

N380  V52-V32  V53-V33  KN700  G90YV55ZVS6 

N390  V32-V32^V27  KN 10002 

N400  M6 

N700  069  TRANSFORMATION 
N710  V54-VS1W48  G69  TRAN  X 

N720  V55-(V52*Q4(V47))-(V53*S(V47))+V49  G69  TRAN  Y 
N730  V56-(V52*S(V47))^(V53*Q4(V47))*V50  G69  TRAN  Z 
N740  M6 

N1000  G69  CAL  VECTOR  T 
N1010  V48-0  V49-0  V50-0 
N1020  V51-V57  V52-V58  V53-V59  KN700 
N1030  V48«VS4  V49-V55  V50-V56 
N1040  M6 


N1198  G69  XLAY  CV 
N1200  G9XV54 
N120S  M100 
N1210  XV26 
N1215  M101 
N1220  X(V26W63) 

N1225  GO 

N1230  J(V28-V32)N1240 
N1235  M6 
N1240  KN380 
N1245  G9XV26 
N1250  M100 
N1255  XV54 
N1260  M101 
N1265  X0/54-V63) 

N1270  GO 

N1275  J(V28-\/32)N128S 
N1280  M6 
N1285  KN380 
N1290  JN1200 

N 1 000 1  G92X0  Y0Z0F8SOG90X0  Y0Z-30M 1 03M7 
N 10002  GSa‘CURY-*V32'  YLIM-'V28*  CUR2-*V33 
N9914  M6 
N1000S  JN7200 

N 10006  M99M98FZ200G90X*70Y*70 
N9001  Z33.392G4X.8 
N9902  M98 
N9903  G92Z48.114M7 

N7200  G69  MAIN  PROGRAM  SETUP 
N7202  M101M103J(Q2(167))N7206 
N7204  JN7208 
N7206  G67 
N7208  MO 

N7210  V3-700  V4-800  V21-0  V22-5  V23-0 
N7212  V25-.1  V26-16  G69  X  STEP/LIM 
N7214  V27- 1  V28-6  G69  Y  STEP/LIM 
N7216  V29-.1  V30-0  G69  Z  STEP/LIM 
N7218  V31-0  V32-0  \/33— 6  G69  CUR  X-Y>Z 
N7220  V34-0  V35-0  V36— 6  G69  START  X-Y-Z 
N7222  V37-0  V38-1  V39— 1  G69  OFFSET 
N7224  V46-30  G69  X  TILT  ANGLE 
N7226  V47-V46*P/180 
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N7228  V57«0  G69  PX 
N7230  V58—25  G69  PY 
N7232  V59— 42.114  G69  PZ 
N7234  V63-15  V65— 2 
N7250  G69***  END  SET  UP  *** 

N7300  KN1000  GeSCAL  VEC  T 
N7310  SV3FV4 

N7320  V51-OV52-OV53-V36KN700G90X(V54-V63)YV55Z(V56^V65)  KN 10002 
N7330  J(A(V33)-(V22+V29))N7350 

N7340  V28-V38^R{(V22*V22)-((-V22-V33)*(-V22-V33)))JN7360  G69 
CURVE  LIM 

N7350  V28-V38+V22  Ml 02 

N7360  KN310  G69  X-LAYER 

N7370  V33-V33+V29  J(V33+(V29fV30))N7410 

N7380  VS  1 -0V52-0V53-V33KN700KN 1 0002 

N7390  Gg0X(V54-V63)YV55Z(VS6>V65)G5 

N7400  JN7330 

N7410  X0Y0Z-6Q  M103 

N7420  MO 

N8000  058*21  NOV  1983’ 

N8005  G58*CONT  VELOCITY  -  CONCAVE  QUAD  (PUSLEO)* 

N8007  G58*OEFOCUSEO  —  FOCAL  PLANE  2  MM  ABOVE  WORKPIECE* 
N8010  G58’XTILT  30  DEG* 

N8015  G58*POWER-S700  (780  W)“ 

N8020  G58*OVERLAP  Y.1  Z.1* 

N8035  G58*PULSE  0.5  MS  ON  IMS  OFF* 

N8040  G58*VELOCITY-F800* 

N8045  G58’C02  SHIELDING  10  PSI* 

N8050  G58*0RIENTATI0N  ~  (27  DEG  CW  FROM  ZERO)* 

N8055  G58*VELOCITY  VECTOR  AT  45  DEG  TO  E  VECTOR* 

N8060  G58*08 
N8065  MO 


A.II.8  Program  For  Machining  Workpioea  With  2  Rotations 


NSSOO  G69  *X-Y  TILT/PATCH  VI.I(PULSE-MOVE)'  *7  JAN  1984*  R.HSU 

N9802  G69  PLATFORM  3"  ABOVE  SLIDER/5T.L  SALT  LENS 

N9803  G69  GOOD  FOR  POSITIVE  X  Y  -Z  ONLY 

N9805  G69  ROT  ABOUT  X  BY  FI  AND  Y  BY  THETA 

N9806  G69  TRANSLATE  BY  VECTOR  T 

N9807  G69  V18-V65  ARE  USED  X1ST-KN20  Y1ST-KN150 

N9809  G69  SETUP  'X*  V31-V25  ‘Y*  V32«V27 

N9811  G69  KN500*MOV  KN700-TRANSFORM  KN1000-CAL  VEC  T 

N9815  G69  V25-XSTP  V26-XLIM  V27-YSTP  V28-YUM  V29-ZSTP  V30-ZLIM 

N9820  G69  V31-CURX  V32-CURY  V33-CURZ  V34-STRX  V35-STRY  V36-STRZ 

N982S  G69  V37-OFSX  V38-OFSY  V39«OFSZ 

N9827  G69  V44-THETA  DEG  V4S-THETA  RAD 

N9832  G69  V46-FI  DEG  V47-FI  RAD 

N9833  G69  V48-TX  V49-TY  V50-T2  *TRAN  VEC 

N9835  G69  V51  V52  V53*PASS  PAR  XYZ*  V54  V55  V56*TRANSFORM  XYZ* 
N9840  G69  V57«PX  V58-PY  V59»PZ*P0S1TI0N  VEC 

N4  G69  FIRELASER 
N5  M100 

N6  JM200N6  C69WAIT  FOR  PULSE  TO  COMPLETE 
N7  M1Q1 
N8  M6 

N20  G67N5  G69  CUT  LINE  X  MOV  R-L 

N25  V31-V25 

N30  KN500  V31-V31+V25 

N35  J(V26-V31)N30 

N40  G67 

N45  J(V28-V32)N55  G69  IF  END  LAYER 
N50  M6 

NS5  KN380  G69  INC/MOV  Y 
N60  G67N5 

N70  V31-V31-V25  G69  MOV  L-R 
N7S  KN500 
N80  JV31N70 
N8S  G67 

N90  J(V28-V32)N100 
N95  M6 
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N100  KN38Q 
NIIO  JN2Q  G69  END 

N150  G67N5  G69  CUT  Y 
N155  V32-V27 
N160  KN500  V32-V32W27 
N165  J(V28-V32)N160 
N170  G67 

N175  J(V26-\/31)N185 
N180  M6 

N185  KN500  N/31-V31W25 
N190  G67N5 
N200  V32-V32-V27 
N210  KN500 
N215  JV32N200 
N220  G67 

N225  J(V26-V31)N235 
N230  M6 

N235  KNSQO  V31-V31W25 
N24S  JN150  G69  END 

N300  G69  LAYX1ST 
N310  V32-V27 
N32Q  KN20 
N330  M6 

N340  G69  UYY1ST 
N350  V31-V2S 
N360  KN150 
N370  M6 

N378  069  CAL  INC  Y/MOV  X-Y-Z 
N380  V32-V32«V27  KN10002 
N385  KN500 
N390  M6 

NSOO  069  CAL/MOV  TO  NEW  POSITION 

N50S  V51-V31V52-V32VS3-V33KN700G90XV54YV55Z(V56+V65) 

N510  KN10002M6 

N700  069  TRANSFORMATION(RY*RX*T) 

N710  V54-(V51*Q4(V45))^(V52*S(V45)*S(V47))^{V53*S(V45)*Q4(V47))+ 
V48G69TRAN  X 

N720  VS5-<V52*Q4(V47))-(V53*S(V47))>V49G69TRAN  Y 

N730  V56-{-V5  T  *S(V45))^(V52*Q4(V45)*S{V47))*(V53*Q4(V45)*Q4(V47))^ 
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V50G69TRAN  Z 
N740  M6 

NIOOO  G69  CAL  VECTOR  T 
N1010  V48«0V49>0V50-0 
N1020  V51-V57V52-V58V53-V59  KN700 
N1030  V48«V54V4g-V5SV50-V56 
N1040  M6 

N1500  G69  MOV  TO  START  POS 
N1505  V51-V34V52»V35V53-V36KN700 
N1510  G90XV54YV55ZV56 
N1515  M6 

N 1 000 1  G92X0  Y0Z0F850G90X0  YOZOM 1 03M7 

N 10002  G58“CX-”V31F6.4*  XUM»'V26F6.4'  CY-'V32F6.4'  YLIM«*V28F6.4' 
CZ-'V33F6.3 
N9914  M6 
N 10005  JN7200 

N10006  M99M98FZ200G90X*70Y>70  G69  SETUP  ORIGIN  IN  BASE  FRAME 
N9901  Z35.466G4X.8 
N9902  M98 

N9903  G92X27.925Z48.114M7 

N10007  X-7.4405Y50.330SZ>4S.160M7  G69  ALIGNMENT  PT. 

N7200  G69MAIN  PROGRAM  SETUP 
N7202  M101M103J(Q2(167))N7206 
N7204  JN7208 
N7206  G67 
N7208  MO 

N7210  V3-700  V4-1000  V21-0V22-5V23-0 

N7212  V2S-.1V26-2  G69  X  STEP/LIM 

N7214  V27-.1V28-2  G69  Y  STEP/LIM 

N7216  V29-.125V30-0  G69  Z  STEP/LIM 

N7218  V31-0V32-0V33— 2  G69CUR  X-Y-Z 

N7220  V34-0V35-0V36— 2  G69START  X-Y-Z 

N7222  V37-QV38-1V39-1  G690FFSET 

N7226  V44-30  V45-V44*P/180  C69Y  TILT  ANGLE 

N7228  V46-30  V47-V46*P/180  G69X  TILT  ANGLE 

N7230  VS7— 27.925  G69  PX 

N7232  V58— 25  Q69  PY 

N7234  V59— 46.114  G69  PZ 

N7236  V65-0  G690EFOCUS 
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N7300  KN1000  G69CAL  VEC  T 
N7310  KN1500  G69MOV  TO  START 
N7320  SV3FV4  M102 

N7330  J(V33^(V29-*^\/30))N7380  G69IF  FINISH 
N7340  KN310  G69CUT  1  X-LAYER 
N7350  V33-V33^V29  GeSINC  Z 
N7360  V31«V34V32«V35KNS00 
N7370  JN7330 

N7380  KN1500 
N7390  M103 

N7400  MO  G69END  MAIN 

N8000  GS8*7  JAN  1984*  . 

N800S  G58'PATCH  (PUSLE-MOVE)* 

N8007  GS8*~  FOCAL  PLANE  0  MM  ABOVE  WORKPIECE* 

N8010  GS8*X  TILT  30  DEG  Y  TILT  30  OEG* 

N8015  GS8*POWER»S700  (780  W)* 

N8Q2Q  GS8*OVERLAP  Y.1  Z.125* 

N803S  G58*PULSE  1  MS  ON* 

N8040  G5a*SPEED»F1000  ON  CNC* 

N804S  G58*OXYGEN  SHIELDING  2  PSI/LONG  NOZZLE* 

N8050  G58*ORIENTATION  —  (27  DEG  CW  FROM  ZERO)* 

N80S5  G58*TRANSLATION  DIRECTION  AT  45  OEG  TO  E  VECTOR* 
N8060  GS8*08 
N806S  MO 


